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Abstract
This research is focused on one of the methods of total hip replacement, namely hip 
resurfacing. Contemporary hip resurfaeings are typified by a large diameter metal on metal 
bearing. With the renewed interest in these articulations there is an increasing concern 
regarding elevated metal ions in patients. Despite metal on metal articulations being in 
clinical use for several years there are numerous aspects which are still not fully understood. 
The work detailed in this thesis aims to look at several aspects including protein adsorption 
on similar Co-Cr-Mo alloys, clinical results of resurfaeings which use these alloys, their in 
vivo wear and corrosion and finally the cellular uptake of soluble Co and Cr ions.
Several studies have investigated the consequences of post manufacturing thermal 
treatments upon the Co-Cr-Mo alloy’s microstrueture and tribologieal properties but none 
have determined if there are any biological ramifications. Any observed differences might
suggest that the way in which these alloys integrate with tissues differ. Adsorption isotherms 
have been plotted using the surface concentration of nitrogen, as a diagnostic of protein 
uptake, measured by x-ray photoelectron spectroscopy. The data was a good fit to the 
Langmuir adsorption isotherm up to the concentration at which critical protein saturation 
occurred. Differences in protein adsorption on each alloy have been observed. This suggests 
that development of the tissue/implant interface, although similar, may differ between as-east 
and heat treated samples.
The clinical performance of a small cohort of retrieved heat treated MeMinn 
resurfaeings and BHRs was compared. By correlating patient and linear wear data, further 
insight into the in vivo performance of the two resurfaeings might be obtained. A large scale 
study of the in vivo performance of the articulating surfaces of heat treated McMinn 
resurfaeings and BHRs has been conducted, which looked for evidence of wear and corrosion 
using electron microscopy. Based on the incomplete and small number of clinical results in 
this study it has not been possible to draw any conclusions as to whether or not the heat 
treated McMinn resurfacing has a higher wear rate than the as east Birmingham hip 
resurfacing (BHR). This is due to the numerous complex and multi-factorial interactions 
associated with the clinical performance of resurfaeings. This study found significant pitting 
on the articulating surfaces of both heat treated MeMinn resurfaeings and BHRs. The
prevalence of pitting was found to be slightly higher on the as cast BHR components. The 
location of the pitting was found to coincide approximately with the principal wear patch 
which might suggest that the observed pitting is, in part, the result of a mechanically assisted 
process.
The observed corrosion of the articulating surfaces leads on to the analysis of the 
uptake of metal ions in cells. With the advocacy of resurfaeings in young patients, there is 
potential amongst this patient population for prolonged periods of metal ion exposure both 
locally and systemieally. ToF-SIMS has been used to study the cellular uptake of Cr and Co 
ions, and is particularly suited to this work as it enables identification and localisation of 
chemical elements and complex molecules. ToF-SIMS has proven to be useful in the 
analysis of metal ion uptake in cells; it has shown that Co bonds to the cell membrane and 
enters the cell. The intracellular uptake and binding of Co to the cell membrane has been 
shown to be both time and concentration dependant. The results for Cr, on the other hand, 
suggest that it does not not bind to the cell membrane. There is very little increase in 
intracellular Cr with increasing Cr concentration or culture time. The results show the 
potential for Co and Cr corrosion products to induce cell/tissue damage in vivo.
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1 Introduction
The work detailed in this thesis was carried out in collaboration with Smith & 
Nephew. The research is focused on one of the methods of total hip replacement, namely hip 
resurfacing. In recent years there has been a resurgence in metal on metal resurfacing 
arthroplasty. Smith & Nephew and a surgeon named Derek McMinn manufacture/produce 
the class leading resurfacing known as the Birmingham Hip Resurfacing (BHR). Prior to this 
Derek MeMinn produced a resurfacing known as the MeMinn resurfacing with another 
orthopaedic company called Corin [1]. As detailed later in Chapter 2 this resurfacing suffered 
from high failure rates which were attributed to post manufacturing thermal treatments to 
reduce manufacturing scrap rates [1]. This work primarily focuses on and compares the BHR 
to the heat treated McMinn resurfacing. The work however is generally applicable to any 
large diameter metal on metal hip arthroplasty.
Several studies have investigated the consequences of post manufacturing thermal 
treatments upon the alloy microstrueture and tribologieal properties [2-6] but none have 
determined if there are any biological ramifications. The work begins by looking at the 
adsorption of foetal bovine serum (FBS) proteins on to the surfaces of three Co-Cr-Mo 
ASTM F-75 alloys each with a different metallurgical history/microstructure. The adsorption 
of proteins is a natural and obvious starting point as protein adsorption is the very first event 
to occur when an implant is placed into a patient [7-8]. Furthermore there is much literature 
to suggest that the ultimate biological response to an implant is governed by protein 
adsorption [7-10]. It is hoped to establish if post-manufacturing thermal treatments have any 
influence upon protein adsorption. Differences in the way in which proteins adsorb onto the 
surface, if they exist, would suggest that the development of the tissue/implant interface is 
dependent upon the metallurgical history of the alloy. Furthermore, as the tissue/implant
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interface develops, the way in which the alloy integrates with tissues could be influenced by 
post-manufacturing thermal treatments.
This work is followed by a clinical investigation of several explanted BHR and heat 
treated McMinn resurfaeings. It is hoped that linear wear measurements might be correlated 
to patient details including age, size and reasons for surgery. Subsequently, a large seale 
study of the articulating surfaces will be carried out. With the resurgence of large diameter 
metal on metal articulations there is increasing concern regarding elevated metal ions in 
patients [11-15]. There has been little in the way of large seale studies looking at explanted 
material. It is hoped that by studying the articulating surfaces of retrieved resurfaeings, 
insight can be gained into the wear and degradation of these components.
This work is followed on by a study looking at the metal ion uptake in cells using 
ToF-SIMS. As previously mentioned there is increasing concern regarding the elevated metal 
ions in patients with metal on metal articulations. ToF-SIMS is a well suited technique to 
enable the identification and localisation of chemical elements and complex molecules. This 
chapter will cover all aspects of the work from the development of a sample preparation 
protocol through to the quantification of final data. It is hoped that this work will be able to 
give insight into the following questions which are important in the development of both the 
technique and understanding of the biomaterial aspects:
• Do metallic ions enter the cell or do they act/ bind to the membrane?
• Is there a preferential cellular uptake of either Cr or Co?
• Is there a concentration or time dependence of uptake?
• Can the uptake of such ions be spatially resolved within the cell?
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2 Hip arthroplasty
2.0 Introduction
This chapter serves as an introduction to one of the methods of total hip replacement, 
namely hip resurfacing. The chapter begins with the history of total hip replacement and 
describes the development of resurfacing as a concept. The evolution of resurfacing design is 
detailed and leads through to contemporary resurfacings. The chapter has a particular focus 
on Smith & Nephew’s Birmingham Hip Resurfacing (BHR). The metallurgy and 
manufacturing of modem day resurfacings are also briefly touched upon.
2.1 Hip arthroplasty
Those with congenital deformity or disease of the hip joint such as dysplasia or 
arthritis can have a severely reduced quality of life. If non-surgical treatments prove 
ineffective, total hip arthroplasty can restore natural function, relieve pain and correct 
deformity. Total hip replacement (THR), first carried out in 1930 by Philip Wiles [I], 
involves the substitution of the femoral head and neck with a comparatively large stemmed 
prosthesis inserted into the femoral diaphysis. The acetabulum is reamed out and a cup is 
inserted which articulates against the femoral component - Figure 2-1 a). Hip resurfacing is 
another arthroplasty used to reconstruct the hip which involves the substitution of both of the 
articular surfaces with prosthetic components. Resurfacing involves placing a hollow 
hemisphere over a resected femoral head. The femoral component has a small stem which is 
generally used to correctly position the component. As with THR, the femoral component 
articulates against a cup inserted into the acetabulum - Figure 2-1 b).
%Figure 2-1. a) THR [2] and b) Resurfacing [3].
As the femoral component of a hip resurfacing is placed over a resected femoral head, 
its size is generally larger than that of a THR. To accommodate for the larger femoral head of 
the resurfacing, the acetabular cup must be larger. As a consequence, when preparing the 
acetabulum for resurfacing, more of the patient’s acetabular bone stock is removed compared 
to a THR.
Conventional THR has proven to be very successful in the elderly or those with built- 
in restraint due to several factors, the most significant being lower levels of physical activity 
resulting in lower wear of the prosthetic components. Implant survival rates in this patient 
group have been reported in excess of 90% at 10 years [4]. However, young patients or those 
with a high level of activity postoperatively have always proved to be a problem as far as the 
performance of THR is concerned. The Swedish Hip Arthroplasty Register reports an 
approximate 65% survival rate for male under the age of 55 patients with osteoarthritis [5]. A 
similar study reported implant survival rates in men under the age of 55 of 80% at 10 years 
which dropped to 33% at 16 years [6].
The revision of a THR is complicated due to the removal of the proximal femur 
during the initial surgery, and loss of bone stock due to stress shielding and other associated 
problems, which results in no effective means of fixing the second prosthesis [7]. The more 
invasive surgery required for a THR leads to greater scarring of surrounding tissues and 
muscles, adding to the instability of the hip joint which lowers the chances of a successful
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revision [7]. Elaborate and costly methods of fixation are then required in order to avoid the 
loss of the use of the joint.
Hip resurfacing was developed by Sir John Chamley in 1951 to overcome the short 
comings of conventional total hip replacement amongst young or active patients [8]. The 
potential advantages of resurfacing over conventional THR include less bone destruction, less 
bone resection, normal femoral loading, avoidance of stress shielding, reduced risk of 
dislocation, easier revision, restoration of normal anatomy, and reduced risk of leg 
lengthening. [3,9]
2.2 Development of resurfacing
The history of resurfacing arthroplasty stems from first mould hemi-arthroplasty in 
1925 by Dr. Marius Smith-Peterson of Boston, Massachusetts. A hollowed hemisphere was 
placed over a reshaped femoral head which articulated against the acetabular cartilage [1]. 
This prosthesis was not intended as an articular surface replacement but rather a mould to 
allow cartilage regeneration, which would be eventually removed. This concept was 
abandoned due to poor results but it led to the development of hip resurfacing [10]. Dr. 
Smith-Peterson experimented with the use of several different biomaterials over the years and 
in 1938 used Vitallium™ (a Co-Cr-Mo alloy).
The resurfacing arthroplasty, introduced by Sir John Chamley in 1951, used 
polytetrafiuoroethylene (PTFE) to resurface both the femoral head and also the acetabular 
cup, shown in Figure 2-2 [11-12]. The two thin uncemeted cups (2-3 mm thickness) were 
pressed into position in the acetabulum and over a resected femoral head [7].
Figure 2-2. The Chamley press-fit PTFE total hip resurfacing [12].
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Chamley’s resurfacing was significant not only as it was the first resurfacing, but also 
as it was the first time polymers had been used in total hip arthroplasty. Prior to this THRs 
were metal on metal articulations made from steels and Co-Cr-Mo alloys. In 1962, Chamley 
adapted his resurfacing and began using metal on polymer articulations. Chamley’s reasoning 
for using polymers for his resurfacing was to produce low frictional torque articulations 
[7,12]. Chamley hypothesised that higher frictional torques (like those produced by metal on 
metal articulations) would lead to the eventual loosening and failure of components [12]. The 
early to mid term results of Chamley’s metal on polymer resurfacing were excellent with 
patients reporting almost complete pain relief and a good range of motion. During the 1970s, 
many surgeons became convinced of the superiority of metal on polymer articulations (for 
both THR and resurfacing) [7-8]. This resulted in metal on metal articulations being almost 
universally abandoned. In addition to producing a lower frictional torque, polymers were 
considerably easier and cheaper to manufacture [12]. The majority of the metal on polymer 
resurfacings developed by the likes of Wagner and Amstutz were large diameter articulations 
comprised of a high density polyethylene acetabular cup and a metal femoral component, as 
shown in Figure 2-3.
Figure 2-3. a) Cemented metal on polyethylene resurfacing system introduced by Wager b) 
the porous surface replacement developed by Amstutz. [2]
By the mid eighties, reports of high failure rates, and loosening and fracture of the 
femoral head resulted in the concept of resurfacing being viewed as flawed and thus it was 
abandoned by most surgeons [6]. THR on the other hand still enjoyed good results using 
metal on polymer articulations. The resurfacing failures were commonly attributed to 
avascular necrosis (cellular death of bone due to an interruption of the blood supply) or stress
shielding (a reduction in bone mineral density due to the mechanical unloading of the bone 
by an implant) [13]. The orthopaedic community’s opinion at the time was that the increased 
sliding distance due to the large diameter of resurfacing articulations would eventually lead to 
loosening and failure [10]. The expectation that revision after resurfacing would be easy was 
often more complicated due to excessive bone removal of the acetabulum required for the 
large acetabular component [6].
Although the use of polymers produced a low friction bearing, the poor wear 
characteristics of PTFE in conjunction with the increased sliding distance due to the large 
diameter of the articulation meant that such prostheses failed soon after implantation [2,6]. 
Chamley attributed the early failures to avascular necrosis of the femoral head, and 
subsequently abandoned the concept of resurfacing in favour of THR.
Subsequent histological examinations of the failed resurfacings revealed that in areas 
of bone loss there were macrophages (white blood cells) containing polyethylene wear 
particles. It is now known that the use of large diameter components with polymeric cups 
articulating against a metal femoral component gives rise to large volumes of polymeric wear 
particles. Destruction and loss of bone stock initially attributed to avascular necrosis was in 
fact caused by wear debris induced osteolysis [3,6,10,12]. The polyethylene wear debris in 
the periarticular region activated macrophages which released cytokines (signalling proteins 
released by immune system cells) causing osteblasts and osteoclasts to trigger bone 
resorption [14]. An investigation by Green et al. has shown that the volume and size of the 
polyethylene particles are critical factors in the induction of cytokines by macrophages [15]. 
The most biologically active polyethylene particles were found to be between 0.3-10pm. 
Tipper et al. have found wear debris generated in vivo [16] and in vitro [17] using hip 
simulators to be within this range. Other factors which contributed to the failure of 
resurfacing included suboptimal bearing geometries and insufficient methods of fixation [7]. 
To reduce sheer stresses across the head-neck junction, the surgical technique at the time 
advised on a large valgus positioning of the implant. This frequently led to neck notching and 
ultimately loosening and collapse of the femoral head [2]. Neck notching occurs due to 
inferior rotational migration of the acetabular component, which results in the acetabular 
component striking the underside of the femoral component.
The realisation that the failure of resurfacing was not in fact due to its concept but due 
to the choice of materials, methods of fixation and surgical techniques, resulted in a
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resurgence of interest in hip resurfacing. In the search for an alternative to polyethylene it 
was recognised that some of the early metal on metal THRs (1950s-60s), namely the Ring 
and McKee-Farrar as shown in Figure 2-4, had very encouraging clinical results with little 
wear or evidence of wear debris induced osteolysis [7,13]. Although their use had declined as 
they tended to suffer from high initial failure rates, some had survived for 20 years or more
[18]. The Ring and McKee-Farrar THR contradicted Chamley’s low frictional torque theory 
by not only being metal on metal, but also as they both had large diameter articulations. 
Examination began as to why these prosthesis lasted even with large bone/implant interfaces.
%
Figure 2-4. a) Ring metal on metal THR and b) McKee-Farrar metal on metal THR [12].
The Ring and McKee-Farrar prostheses were produced by investment casting using a 
high carbon (>0.2%), Co-Cr-Mo alloy [12,19]. The composition and manufacturing methods 
used produced a face centred cubic austenitic matrix with a large blocky cobalt rich 
secondary carbide phase [12].
In Birmingham, in 1989, Derek McMinn, in collaboration with Corin, began to design 
a metal on metal resurfacing arthroplasty employing the same proven Co-Cr-Mo “as cast” 
alloy previously used by Ring and McKee-Farrar. Improved manufacturing techniques 
addressed many of the associated issues and enabled a roundness to within 2 pm of a perfect 
circle to be achieved [7]. To address the problem of fixation, McMinn experimented with 
several methods of fixation: press fit smooth metal, hydroxyapatite coated components, and 
cement fixation of both components. The press fit method of fixation suffered from early 
aseptic loosening and was therefore discontinued. Cement fixation of the acetabular 
component lead to debonding at the implant-cement interface as well as loosening at the
cement-bone interface. Use of hydroxyapatite coated femoral components also proved 
unsuccessful. In 1994, McMinn introduced a hybrid method of fixation which incorporated 
an uncemented, hydroxyapatite coated, relatively smooth acetabular cup with a cemented 
femoral component, which proved very successful, see Figure 2-5 [13].
Figure 2-5. Version 1 of McMinn’s hip resurfacing [2].
Between 1994 and 1996, incidences of metallosis (deposition of metal particles within 
the joint), osteolysis, and high wear occurred in the McMinn hip resurfacings inserted. It 
transpired that in order to reduce factory scrap rates due to microporosity (a common 
manufacture defect in investment casted components in which small voids appear due to gas 
entrapment, Corin had decided to employ post manufacturing thermal treatments [12]. 
Thermal treatments such as hot isostatic pressing (HIP) and solution annealing (SA) can be 
employed to fully density and therefore improve the mechanical properties of the alloy. In 
1994 the McMinn hybrid resurfacing was produced by hot isostatic pressing, in 1995 it was 
solution heat treated and in 1996 the components were both hot isostatically pressed and 
solution heat treated [13]. Although the composition of the alloy used in McMinn’s 
resurfacings was identical to the alloy used in the Ring and McKee-Farrar THRs, the heat 
treatments performed significantly altered the alloy’s microstructure [12].
The consequence was that the overall volume fraction of the block carbide structures 
was depleted [20]. Carbides (described further in section 2.3.1) are a hard secondary phase 
which confer wear resistance to the alloy. As can be seen in Figure 2-6, the carbide volume 
fraction is highest in the as cast sample with the lowest being the double heat treated sample.
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Figure 2-6. SEM images of carbide structure of a) as cast b) after solution heat treatment c) 
after hot isostatic pressing and d) after solution heat treatment and hot isostatie pressing. 
Grain boundary etched and carbide stain [20].
The high levels of wear seen in these parts were attributed to the reduction in the 
carbide volume fraction and increase in the volume fraction of the soft alpha phase. The 
effect that the microstructure and thermal treatments have upon the wear characteristics of 
hip resurfacing is a highly debated issue with conflicting laboratory results.
Hip simulators represent a more physiologically accurate wear test; they have the 
benefit of being able to test the actual prosthesis orientated in an anatomically correct way 
under a simulated human gait. Non physiological type wear tests include pin on disk and 
micro-abrasion. Cawley et al. carried out a micro-abrasion test to study the relationship 
between the overall carbide volume fraction of Co-Cr-Mo and wear resistance [20]. This 
study found that although the mechanical properties such as hardness were generally 
unaffected by the carbide volume fraction, the higher the carbide volume fraction, the lower
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the levels of wear. Pin on disc tests which are used to measure friction and wear rate have 
been carried out at the Materials Research Institute at Sheffield Hallam University [8]. Their 
studies have revealed differences in the mechanical stability of the carbide phase. Instability 
of carbides in samples which had undergone thermal treatments was evident including some 
which had been tom out from the matrix. The large blocky carbides in the as cast sample 
remained stable within the matrix. It was hypothesised that the reduced surface area of the 
smaller carbides lowered their resistance to extraction forces. A similar study by Varano et al. 
found that although as cast specimens had lower levels of wear, as cast carbides articulating 
against one another resulted in cracking, fracture, and pull out resulting in third body wear. 
The study suggested that the hard blocky carbides seen as the as cast samples caused abrasive 
damage to the opposing surface [21]. A hip simulator study carried out by Bowsher et al. 
found no differences in the level of wear seen in as cast or heat treated resurfacings [22]. The 
samples were tested using what would be considered a normal and a ‘severe’ gait. Ultimately 
there was no difference seen in the volumetric wear generated between the as cast or heat 
treated samples. There was a small average difference in the average clearance (difference 
between the diameter of the acetabular cup and femoral head, see Chapter 5, section 5.2.2) 
between the as cast and heat treated components of 22 pm. Although this might have been a 
contributing factor the difference in the clearance is small and much smaller that the ‘normal’ 
manufacturing clearance range used to produce resurfacings. Explanations for the variability 
seen in wear test results include differences in the types of test, test devices used and loading 
conditions. Kamali et al. have developed a wear simulator test based on data from patients 
wearing step activity monitors [23]. This more physiologically relevant wear test was used to 
compare the wear of as cast resurfacings to double heat treated resurfacings. Results showed 
higher wear and metal ion generation from the double heat treated resurfacings. It should be 
noted however that although the clearances were virtually the same between the sample sets 
the out of roundness for the heat treated pairs was nearly double than that for the as cast pairs.
Derek McMinn attributed the high levels of failures due to osteolysis and metallosis 
to the use of thermal treatments which reduced the wear resistance of the resurfacings. The 
McMinn hybrid resurfacing fell below the National Institute for Health and Clinical 
Excellence (N.I.C.E.) guidelines of a 10% or less revision rate at 10 years, and clinical use 
was thus discontinued in 1996 [13,24]. Daniel et al. have published the ten year clinical 
results on a cohort of patients who received a heat treated McMinn resurfacings [24]. The 
results show that patients who received a McMinn resurfacing in 1996, which would have
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been doubly heat treated, have a 16% failure rate at 10 years. Interestingly the patients who 
received a single heat treated component had a 7% failure rate at 10 years which as will be 
shown, later in Chapter 5, is similar to the reported failure rate of the as cast BHR.
There are two subsequent resurfacings developed from the McMinn prostheses - the 
BHR developed by Derek McMinn and Midland Medical Technologies (now Smith & 
Nephew) and the Cormet 2000 manufactured by Corin.
2.2.1 The Birmingham hip resurfacing (BHR)
The BHR (Figure 2-7) was introduced in 1997 and retained many of the 
characteristics of the original McMinn resurfacing. The BHR is manufactured from the same 
high carbon Co-Cr-Mo alloy as the historically proven Ring and McKee-Farrar THRs. The 
components have an as cast microstructure producing a rich alpha phase with large blocky 
interdenritic and grain boundary carbides, M23C6. The ‘M’ can be cobalt, chromium, 
molybdenum or any other of the alloying elements.
Figure 2-7. The Birmingham hip resurfaeing [7].
As with the McMinn resurfacing, the BHR used the hybrid method of fixation. 
Hydroxyapatite coatings on the acetabular cup were used to promote osseointegration which 
refers to the formation of a direction contact between bone and implant. However, there were 
concerns raised over the long term stability of components with smooth metal surfaces once 
the hydroxyapatite had been adsorbed [13]. This was addressed in the design of the 
acetabular component of the BHR by opting for a hydroxyapatite coated porous exterior. 
Figure 2-7. Typical methods used to incorporate porous coatings include sintered beads and 
those deposited by plasma spraying. Both of these methods - due to the high temperatures
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used in the process - lead to carbide depletion as seen in the McMinn resurfacing. In addition, 
there have been several reports of fractions of porous coatings becoming loose due to weak 
mechanical links to the substrate entering the bearing [25]. Figure 2-8 shows a cross section 
through the convex surface of an acetableular cup incorporating a porous coating using 
sintered beads. Weak bead junctions can be seen and are shown by the red arrows.
I
Figure 2-8. Picture showing weak mechanical links of sintered bead coating.
Any debris entering the bearing interface would aet as a third body and intensify 
wear. The BHR overcomes this problem by having a cast-in porous surface incorporated into 
the cast itself - Porocasf '^^. Figure 2-9 shows a cross section through the convex surface of 
and acetableular cup incorporating Porocast™. It can be seen that the beads are integral with 
the cup substrate metal which ensures strong links to the substrate and does not compromise 
the carbide microstructure.
: A4 ■
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Figure 2-9. Section through BHR cup showing wide stable bead junctions with rich carbide 
microstructure of cast in porous beads [12].
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2.3 Contemporary hip resurfacings
There are numerous hip resurfacing systems available, each with a different 
metallurgy, Table 2-1. The resurfacings are produced using different manufacturing methods, 
some employing post manufacturing thermal treatments which give various microstructures. 
As previously mentioned the significance of these heat treatments has been debated over the 
years.
-1 5
Table 2-1. Modem metal on metal hip resurfacing systems [2].
Resurfacing
system
Year Manufacturing Heat treatment* 
process
Conserve plus, 
Wright Medical 
Technology
1996 Cast HIP and SHT
BHR, Smith & 
Nephew »I > 1997 Cast None
Cormet 
resurfacing hip 
system, Corin 
Medical
1997 Cast HIP and SHT
Durom , Zimmer 2001 Wrought - forged N/A
Articular Surface
Replacement,
DePuy
Orthopaedics
2003 Cast HIP
ReCap, Biomet 2004 Cast None
ADEPT hip 
system, Finsbury 
Orthopaedics
2004 Cast None
HIP, hot isostatic pressing; SHT, solution heat treatment; N/A, not applicable.
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2.3.1 Metallurgy of contemporary Co-Cr-Mo alloys
There are two possible allotropie crystalline structures for Co-Cr-Mo alloys; close 
packed hexagonal (CPH) which is formed at temperatures below 417°C and face centred 
cubic (FCC) which is formed at temperatures above 417°C [26]. The alloy is biphasic, with 
the matrix being rich in cobalt, chromium, and molybdenum [12]. This supports the 
secondary carbide phase which is rich in chromium molybdenum and carbon.
The as cast Co-Cr-Mo alloy used in this study and in the BHR meets the requirements 
set out by ASTM F-75. The composition of the BHR Co-Cr-Mo alloy is outlined by ASTM 
F-75, see Table 2-2.
Table 2-2. Composition of Co-Cr-Mo alloys as set out in ASTM F-75.
Element
Composition, % 
(Mass/mass)
Min Max
Chromium 27 30
Molybdenum 5 7
Nickel - 0.5
Iron - 0.75
Carbon - 0.35
Silicon - 1
Manganese - 1
Tungsten - 0.2
Phosphorous - 0.02
Sulfur - 0.01
Nitrogen - 0.25
Aluminium - 0.1
Titanium - 0.1
Boron - 0.01
Cobalt Balance Balance
Molybdenum is added to produce finer grains which result in higher strengths after 
casting or forging [27]. The addition of chromium enhances corrosion resistance via the 
formation of chromium rich oxide layer (Cr203) [12,28-29]. Both chromium and 
molybdenum improve the mechanical properties, as they provide solid solution strengthening 
of the alloy [27]. The addition of carbon assists in the precipitation of carbides which - as 
previously discussed - is reported to improve wear resistance.
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The formation of carbides does however reduce the ductility of the alloy [30]. The 
phase composition and morphology of carbides is dependent upon the wt% of the alloying 
components. Alloys which have the same chemistry and have undergone the same thermal 
treatments can exhibit mixed carbide morphologies. The high chromium and carbon content 
of the alloy used for the BHR favours the formation of M23C6 carbides.
Although carbides confer superior wear resistance to the alloy, their precipitation has 
been reported by some to have a detrimental effects on the alloy’s corrosion resistance [31- 
33]. As carbide precipitation occurs, chromium, molybdenum and carbon from the alpha 
phase are incorporated into the carbide phase [12]. This then depletes the surrounding area of 
chromium or molybdenum which lowers the alloy’s corrosion resistance. As cast components 
are especially prone to this effect due to the slow solidification rate which allows significant 
diffusion of chromium and molybdenum into the carbide phase [31-33].
2.3.2 Manufacturing processes
Co-Cr-Mo implants can be manufactured in one of three ways: casting, hot forging, or 
by powder metallurgy techniques [20]. As with the Ring and McKee-Farrar THRs the BHR is 
produced using investment casting (or lost wax) [12]. Investment casting represents a 
relatively cheap method of production and as a result is the method of choice for the 
manufacture of hip replacement components. Cast components often have cored 
microstructures with large coarse grain sizes. Post manufacturing thermal treatments are often 
employed to overcome these issues. Hot forging of cast components can be employed to 
refine the microstructure and consequently increase the alloy’s strength. Powder metallurgy 
processing requires very careful control of operation parameters - such as pressure and 
temperature - which makes this a very expensive manufacturing process. However, powder 
metallurgy techniques are able to produce irregular shapes and virtually eliminate the need 
for secondary machining. Furthermore, powder metallurgy techniques are able to produce a 
homogeneous chemistry which thus improves corrosion resistance [34].
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2.3.3 Thermal treatments of Co-Cr-Mo alloys
As briefly mentioned, post manufacturing techniques are frequently employed in the 
production of hip replacements. Not only can they be used to removing casting voids but also 
as a method of refining the coarse dendritic grain structure. Post manufacturing thermal 
treatments can also homogenise the distribution of elements within the component, increase 
ductility and corrosion resistance. Some commonly used post manufacturing thermal 
treatments are detailed below:
Hot isostatic pressing (HIP) of AC Co-Cr-Mo alloys subjects the component to a 
temperature of 1200°C for four hours in an inert atmosphere. The components are then 
quenched in argon at a rate of approximately 8-10°C per minute. This process is carried out 
at an isostatic pressure of approximately 103 MPa. The temperature used is close enough to 
the solidus temperature (~1230°C) of the alloy to allow the dissolution of chromium, 
molybdenum and carbon from the carbide phase into the surrounding matrix. As the 
component is allowed to cool, reprecipitation of the carbide phase occurs predominantly at 
the grain boundaries. This results in a reduction of the overall volume fraction of the carbide 
phase (approximately 2.3%), and the formation of finer agglomerated and lamellar carbides. 
The carbide phase is less mechanically stable than in the AC microstructure [12].
Solution annealing (SA), is similar to that of HIPing; however after heating for 4 hours at 
1200°C there is a rapid quenching of the component to 800°C in less than 8 minutes (50°C 
per minute). The process is carried out in an inert atmosphere to prevent oxidation but unlike 
HIPing is not carried out under high pressure. As with HIPing, the temperatures used cause 
the diffusion of chromium, molybdenum and carbon from the carbide phase into the matrix. 
The consequence of the rapid quenching restricts the reprecipitation of the carbide phase [12].
Sintering is generally reserved for components manufactured using powder metallurgy 
techniques. The fine alloy powder is heated under vacuum to a temperature of approximately 
1300°C, at which point the metallic powder begins to adhere to one another and flow into 
cavities and voids [12]. Sintering is used as a method to incorporate porous surfaces used to 
promote osseointegration.
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2.4 Conclusions
This section has described the history and development of hip resurfacing and the 
resurgence of metal on metal articulations with particular focus on the BHR. Also touched 
upon are the microstructures of Co-Cr-Mo alloys, as well as the manufacturing techniques 
and post manufacturing thermal treatments used in the production of many contemporary hip 
resurfacings. The development of the BHR stems from evidence based findings.
There is much contention in opinion and experimental data with regard to many 
aspects of resurfacing. This is likely to stem from differences in analysis methods and a lack 
of standardised testing. It should be noted however that the issue of a lack of standardised 
testing is being addressed. The issue of the effect of microstructure on the tribology of the 
ASTM F-75 alloy has been extensively investigated using numerous methods. The crux of 
this comes down to the lubrication regime and microstructure which are explored in Chapter 
5. Chapter 5 will explore in detail the effect of wear and carbide depletion using explants.
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3 Surface analysis instrumentation
3.0 Introduction
The interaction between implants and tissues is an extraordinarily complex one 
involving the immune system, cellular signalling and responses. The majority of these 
interactions occur at the interfaces between the implants and tissue. Biological surface 
science is a rapidly growing field which aims to further increase knowledge in this area. The 
ultimate goal of biological surface science is to provide a complete understanding of how 
surface chemistry and topography can be used to control the development of this interface. 
To achieve this goal the chemical composition and structure, physical topography and an 
insight into the bonding of the molecules at the interface must be fully understood. There is 
no one technique which is capable of providing all this information - for a detailed analysis 
several surface analytical techniques must be employed. This chapter introduces the surface 
analytical techniques employed in this study to investigate the interface between implants and 
tissues. X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass 
spectrometry (ToF-SlMS) have been used to investigate the surface chemistry at the interface 
due to their chemical specificity and surface sensitivity. Scanning electron microscopy 
(SEM), and atomic force microscopy (AFM) have been chosen to study the morphology of 
the interface.
3.1 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also commonly known as electron 
spectroscopy for chemical analysis (ESCA) was first developed by Professor Kai Siegbahn in 
the 1950s and 60s [1]. XPS is a technique whereby electrons are emitted as a result of the 
photoemission process. XPS is able to identify and quantify all elements (with the exception 
of H) present at a concentration greater than 0.1 atomic %. The strength of XPS lies in its 
ability to provide information on the elemental surface composition as well as information on 
the molecular environment for the first 5 nm of the sample surface [2].
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In this study XPS has been utilised not only to investigate the composition of various 
samples but also to study the uptake of proteins upon them.
3.1.1 Basic principles
In XPS a sample surface is irradiated with monoenergetic soft X-rays (most 
commonly Mg Ka or A1 Ka). The photons with well defined energies (hv) interact with the 
sample surface and impart a portion of their energy to it. This interaction can result in a core 
level electron being ejected. The process of photoemission is schematically shown below 
in Figure 3-1 [1].
Vacuum
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Figure 3-1. Schematic of the XPS process. The figure shows the ejection of a core level (Is) 
photoelectron. [I]
The measured parameter used to establish the elemental and chemical characteristics 
of a surface is the binding energy (Eb) of the core electron (eV). This quantity is related to the 
kinetic energy of the emitted photoelectrons (Ek) and the energy of the emitted photoelectron 
(hv), and determined using the below equation:
Eft = hv -  Ek -  W 1 [2]
where W is the spectometer work function.
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The resulting photoelectron spectrum will reproduce the electronic structure 
accurately, as all electrons with a binding energy lower than that of the photon energy will be 
displayed in the spectrum. After the emission of a photoelectron there is an accompanying 
emission of either an Auger electron or an X-ray photon [1].
3.1.2 Depth of analysis
The depth of analysis is given by a quantity known as the attenuation length (X) which 
is related to the inelastic mean free path (IMFP). The attenuation length is approximately 
10% less than the IMFP, and is defined as the distance an electron can travel within the 
material without losing energy [1].
The relationship describing the electron intensity (I) emitted from a distance (d) from 
the sample surface is governed by the Beer-Lambert relationship:
'  = ( ^ ) [1]
where Iq is the electron intensity of an infinitely thick layer, 0 is the angle of the emitted 
electron relative to the surface normal. How electron intensity varies as a function of depth is 
illustrated in Figure 3-2. Using the Beer-Lambert equation it can be shown that for emitted 
electrons emerging at 90° to the sample surface 65% of the signal originates from a depth less 
than 1, 85% from a depth less than 2 X, and 95% from a depth less than [1].
Electron signal 
(1000 eV)X-ray photons
(nm)
Figure 3-2. Electron intensity as a function of depth, the horizontal line indicates the distance 
from the surface of the attenuation length (X). [1]
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3.1.3 Instrumentation
The basic components of an XPS system consist of a primary radiation source and 
electron energy analyser and detector (spectrometer), which are both housed within a ultra- 
high vacuum (UHV) chamber [3].
3.1.3.1 X-ray sources
Due to the sensitivity of biological samples to X-ray induced sample degradation a 
large area analysis is generally preferential. Highly focused X-ray beams, although improving 
the spatial resolution as well as producing more photons per unit area, can easily degrade the 
sample surface. X-ray sources for XPS are either of the twin anode or monochromated type.
X-ray photons are generated by bombarding an anode with high-energy electrons. 
Electrons are generally emitted from a thermal source such as an electrically heated tungsten 
filament [1]. The choice of anode material is based on two important characteristics, the first 
being that the characteristic photon line width must not limit the energy resolution required; 
secondly the photon energy should be sufficient to excite core level electrons of all elements 
[1]. The most commonly used anode materials are aluminium and magnesium which are 
usually supplied in a single x-ray gun in a twin anode configuration [3-4]. The twin anodes 
provide Mg Ka and A1 Ka with energies of 1253.6 eV and 1486.6 eV respectively [1-3]. The 
twin anode configuration is particularly useful when there is an overlap between Auger and 
photoelectron peaks. XPS peaks will change to a position 233 eV higher on a kinetic energy 
scale when changing from Mg Ka and A1 Ka, whereas Auger peak positions remain constant 
[1]. Twin anode assemblies also provide a modest means of increasing or decreasing the 
analysis depth. For instance the depth of analysis of organic materials for the Cls peak is 
approximately 7cos0 when using A1 Ka, whereas the depth of analysis when using Mg Ka is 
6cos0. This translates to an approximate increase in the depth of analysis of 1 nm [1].
X-ray monochromators are able to produce a narrow X-ray line, eliminate X-ray 
satellites, and improve the signal to noise ratio by the removal of the Bremsstrahlung 
continuum [1, 4]. This is achieved by directing A1 Ka radiation into a quartz crystal lattice 
which diffracts the X-rays according to Bragg’s equation [3]:
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nX  = 2dsin0  3 [3]
where n is the diffraction order, X is the X-ray wavelength, d is the crystal spacing and 0 is 
the Bragg angle (angle of diffraction).
X-rays strike the parallel crystal planes at an angle 0 at which point they are reflected 
at the same angle 0. X-rays are first dispersed then refocused on the sample surface. This 
enables the Kai,2 doublet to be resolved into an individual X-ray line. It is due to the fact that 
only a small portion of the X-ray emission is selected that the photon flux is much lower in 
unmonochromated sources.
3.1.3.2 Electron energy analysers
Electron energy analysers are used to measure the energy spectrum of electrons 
emitted from the sample surface. XPS makes use of the hemisphereical sector analyser (HSA) 
which provides a sufficiently high spectral resolution to allow chemical state information to 
be determined [2]. The addition of a transfer lens coupled with multi-channel detection 
further increases the resolution and provides high transmission [4]. Figure 3-3 shows a 
schematic of a contemporary HSA with transfer lens and multi-channel detector.
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Figure 3-3. Schematic diagram showing a HSA with transfer lens and multi-channel detector. 
[1 ]
The kinetic energy of electrons ejected from the sample surface is too high for the 
HSA to provide a sufficiently high resolution. To compensate, before electrons reach the 
HSA, they pass through a lens or a series of lenses or grids whieh eleetrostatieally retard the 
electrons [1, 4-5]. As shown in Figure 3-3 the HSA eonsists of a pair of coneentric 
hemispherical electrodes with the outer hemisphere more negative than the inner.
The HSA is operated in either one of two modes - either the fixed analyser 
transmission (FAT) mode, also commonly known as constant analyser energy (CAE) mode, 
or the fixed retard ratio mode (FRR), also known as the constant retard ratio (CRR) mode [1, 
4]. The FAT mode is primarily used in XPS whereas FRR is used for Auger electron 
spectroscopy (AES). In the FAT mode the energy of the eleetrons passing through the 
analyser (pass energy) is user defined at values typically in the range 20-100 eV [1]. The 
voltage applied to the hemispheres is scanned as shown in Figure 3-4. The user defined pass 
energy influenees both the resolution and transmission. A low pass energy will result in a 
high resolution but with a lower peak intensity, with the converse for higher pass energies 
[1 ].
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Figure 3-4. Operation of the HSA in FAT mode. [1]
In the FRR mode the electrons are retarded to a user defined percentage of their 
original kinetic energy [1]. The voltage applied to the hemispheres is scanned as shown 
in Figure 3-5.
Outer hemisphere 
.♦Mean potential
6  ^ .C&4 /  ' /I n n e r  hemisphere
*§♦
Difference proportional 
to kinetic energy
Kinetic energy of electrons
Figure 3-5. Operation of the HSA in FRR mode. [1]
3.1.4 XPS spectral interpretation
XPS spectra are presented as the intensity versus the binding energy [6]. Those 
electrons which escape the sample without any energy loss contribute to the well defined 
photoelectron peaks. If the emitted electrons suffer energy loss when escaping the surface it 
will contribute to the background of the spectra [6]. The background increases from high to 
low kinetic energy (or from low to high binding energy). The continuous Bremsstrahlung 
radiation also contributes to the background for unmonochromated sources [1, 4].
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XPS spectra contain not only photoemission peaks but also Auger electron emission 
peaks [1, 6]. As previously mentioned, photoemission peaks are associated with 
photonisation of core level electrons. Auger electron emission occurs due to the subsequent 
relaxation of the ionised atom. After the ejection of a core level (K shell) electron for 
example the hole may be filled by an electron from a higher level (i.e. L2,s). When this occurs 
another electron is ejected from the atom with an energy equal to the difference between the 
two states. It is this second emitted electron which is known as the Auger electron [1,4]. The 
kinetic energies of the Auger electrons are independent of the type or energy of incident X- 
ray source; this explains why Auger peak positions will remain constant when changing X- 
ray source i.e. from a Mg Ka to a A1 Ka [1].
3.1.4.1 Chemical shift
XPS is able to distinguish not only different elements but also the different chemical 
bonding configurations [1, 5]. This is because the binding energy of an electron is not only 
dependent upon the level in which photoemission is occurring, but also on the local chemical 
environment. These observed chemical shifts are due to either initial state or final state 
effects [I, 5]. Initial state effects are associated with the ground state of the atom before 
photoemission. Final state effects consider effects post photoemission such as relaxation of 
electron orbitals or the polarising effect of the core hole [I, 5]. In essence, final state effects 
address the possibility that the electronic state of the emitted electron may be different from 
that of the initial or ground state.
3.1.4.2 Shake-up satellites
Shake-up satellites are the result of photoelectrons exciting valence electrons up to a 
higher energy level. As a result of this interaction the outgoing photoelectron loses some of 
its energy, and a satellite peak is produced at a lower kinetic energy and a few eV higher on 
the binding energy scale [1, 6]. Satellites are commonly observed in Cls electrons in 
aromatic organics due to transitions, as well as certain transition metals, and rare earth 
compounds which have unpaired electrons in 3d and 4f shells [1].
-30
3.1.4.3 Sample charging
The emission of photoelectrons from the sample surface results in the build of 
positive charge. Neutralisation of the charge for a conducting sample is achieved by the 
transfer of a negative charge to the sample, as it is connected to the ground of the 
spectrometer [1, 4]. In the case of insulating samples, the build up of charge on the surface 
retards electron emission; this results in the shifting of the peak to a higher binding energy [1, 
4]. To compensate for this the adventitious hydrocarbon peak at 285 eV has been used as a 
reference for calibration.
3.2 Time of flight secondary ion mass spectrometry
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a technique which is 
able to analyse the elemental composition and chemistry of the outermost monolayers of a 
sample surface [7-8]. SIMS is the most sensitive of surface analysis techniques with the 
ability to detect all elements present in the parts per billion range [1, 7]. Depending on the 
mode of operation and the primary ion beam source, ToF-SIMS can provide the user with 
high spatial resolution images. This in conjunction with ToF-SIMS high mass resolution 
makes it a powerful tool in biomedical surface science [8]. In this study ToF-SIMS has been 
used to investigate the uptake of metal ions in osteosarcoma cells.
3.2.1 Basic principals
ToF-SIMS uses a high energy primary beam (between 5 and 25 keV) of ions focused 
upon the sample surface [7-9]. The primary ions impinge upon, and transfer their kinetic 
energy to, the atoms at the sample surface. As a consequence of a cascade of collisions, 
secondary particles are emitted (or sputtered) [10-12], as illustrated Figure 3-6.
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Figure 3-6. Schematic showing the ejection of secondary particles due to a collision cascade.
The sputtering mechanisms of a collisions cascade can result in three different 
sputtering regimes: a single knock-on, a linear cascade or a spike regime [10, 12], see Figure 
3-7. In the single knock-on regime, a small amount of energy is transferred to the target, 
which is insufficient to generate further cascades. During a linear cascade regime, the energy 
supplied from the primary particle to the target is sufficient to cause further collisions 
resulting in a cascade. In the spike regime the energy supplied to the target atoms puts in 
motion all the atoms within a set spike volume [10, 12].
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Figure 3-7. Three regimes caused by elastic sputtering, a) single knock on regime, b) linear 
cascade, c) spike regime.
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Secondary particles emitted include both positively and negatively charged ions 
(atomic and clusters), and neutrals (which make up the majority of the emitted secondary 
particle flux) [10-11]. The charged ions are then accelerated into a flight tube towards a 
detector. The particles mass is determined by measuring the time taken to travel from the 
sample surface to the detector [12].
SIMS analysis is generally characterised into either; static SIMS (SSIMS) - which 
usually uses a pulsed ion beam - or dynamic SIMS (DSIMS), which uses a DC primary ion 
beam [12]. SSIMS is used to study the top monolayer of a sample surface, and uses a primary 
ion dose which does not exceed the static limit (1x10^  ^primary ions/cm^) [9]. This ensures 
very little damage is done to the surface by the primary ion beam during analysis. Dynamic 
SIMS uses a high flux ion beam which exceeds the static limit to effectively sputter and 
probe many monolayers (up to ~1 pm) into a surface. DSIMS is used to monitor how mass 
fragments of interest (usually elemental ions) vary as a function of sputter time.
3.2.2 Instrumentation
The basic components of a ToF-SIMS machine consist of a primary ion beam source, 
and a time of flight mass analyser, which are both housed within a ultra-high vacuum (UHV) 
operating between 10'^  -  10’^ ® mbar [7-8, 12].
3.2.3 Primary ion beam guns and sources
The four basic types of ion gun used to produce primary ions are: electron impact ion 
source, plasma ion source, surface ionisation source, and a liquid metal ion source [9, 12]. 
Each source has its own particular strengths and weaknesses and so the choice of ion beam 
source is dependent upon the application. Table 3-1 summarises typical operating parameters 
for common ion sources.
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Table 3-1. Operating parameter for common ion sources. [13]
Parameter Electron ionization Plasma Surfaceionisation
Liquid 
metal ion
source
Source Ar, Xe, Ar, Xe, Ne, O2 Cs Ga, Bi, Au
Acceleration voltage O .I-5keV lOkeV 10-20keV 5 -3 5keV
Beam size at sample 0.1 - 2  mm 2 -100 pm > 200 nm <100 nm
Current density 4 mA cm'^ 20 mA cm‘^ 100 mA cm‘^ 1000 mA cm"^
The electron impact ioniser uses a heated element to produce an electron beam. The 
electrons are then accelerated towards the anode which gives them sufficient energy to ionise 
a source gas (commonly Ar, Xe or Ceo^ ) [9, 12].
The plasma is formed by a low arc voltage between a cathode and an anode; the 
plasma ions are then electrostsatically extracted. Plasma ion sources are able to produce an 
intense high density primary ion beam, which enable it to rapidly remove material over a 
large - area making it ideal for DSIMS [9, 12].
Surface ionisation sources use a feed from a heated Cesium vapour reservoir into a 
porous tungsten plug. The Cs ions are vaporised and accelerated away from the emitting 
surface by an electrical field. Surface ionisation sources produce a high density ion beam, 
making it well suited to DSIMS [9, 12].
The liquid metal ion gun (LMIG) as shown in Figure 3-8 is a commonly used ion 
source for ToF-SIMS. LMIG sources operate by drawing a liquid metal (such as bismuth or 
gallium) from a reservoir over a reservoir tip. Large opposing electric fields applied at the tip 
of the needle, in conjunction with surface tension forces, create a Taylor cone. The surface 
atoms are ionised, desorb and are extracted by the electric field [9, 12].
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Figure 3-8. Schematic of an LMIG. [13]
As shown in Table 3-1, both mono and polyatomic (or cluster) primary ions can be 
used in ToF-SlMS. The more recently developed polyatomic primary ions such as Aui.g"^  Bii. 
7^  and Côo^  continue to gain in popularity within the SIMS community. The benefits in using 
polyatomic ions include: an increase in sputter yields, a lowering of primary ion beam 
damage, the ability of molecular depth profiling, and enhanced sensitivity of higher masses
[14]. The energy imparted by polyatomic ions impinging upon a sample surface is divided by 
the number of ions making up the cluster. The result is that each individual ion contributes 
less energy to the sample surface and lowers the sub surface interaction volume which 
decreases primary ion beam damage. Polyatomic ions also significantly increase the number 
of particles sputtered emitted per collision [15]. A molecular dynamics computer simulation 
illustrating the differences in the interaction of mono and polyatomic primary ions with a 
sample surface is shown in Figure 3-9.
35-
t = Ops
Ga" 60
#
t = Ips * k  '%  '• 2:':
t = 7.5ps
*
pWwB&-'^ y,
t== 29^ ps a%?
Figure 3-9. Molecular dynamics simulation of 15 keV Ga  ^ and 15 keV Côo^  ion 
bombardment of a silver microcrystallite [14].
The molecular dynamics simulation shown in Figure 3-9 also shows the sub-surface 
damage cause by the Ga  ^ ion is greater than that caused by the Cgo^ . The damage caused by 
the C6o^  extends only a few layers below the bottom of the crater whereas the Ga  ^ ion 
perturbs all the layers in the simulation.
3.2.4 Mass analysers
The three most common types of mass analyser used for SIMS include the quadrupole 
mass analyser, magnetic sector mass analysers, and time of flight (ToF) analysers [9, 12]. The
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choice of analyser is dependent upon the application and mode of operation (DSIMS or 
SSIMS). A performance comparison of these analysers is summarised in Table 3-2.
Table 3-2. Comparison of mass analysers for SIMS. [5]
Type Resolution Mass range Transmission Mass
detection
Relative
sensitivity
Quadrupole 1 0 ^ -lO-* <10^ 0.01-0.1 Sequential I
Magnetic sector 10“ > 10^ 0.1-0.5 Sequential 10
ToF >10’ 10^-10^ 0.5 - 1.0 Parallel 10“
3.2.4.1 Quadrupole mass analyser
Quadrupole mass analysers, although not commonly used today in high end SIMS 
systems, were widely used in the early days of the development of SIMS as a technique. The 
quadrupole analyser is inexpensive, compact and easily incorporated into a UHV, and is able 
to produce good quality data in DSIMS. Aside from a few very specific applications, the 
quadrupole has largely been superseded by magnetic sector mass analysers for DSIMS and 
time of flight mass analysers for SSIMS. The analyser is made up of four parallel electrodes 
which have a DC current and radio frequency potentials applied to them. Secondary particles 
travel down between the rods and are filtered by varying the ratio of voltages applied [9, 12].
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3.2.4.2 Magnetic sector mass analyser
The magnetic sector analyser is considered the analyser of choice for DSIMS 
applications, as it has a high sensitivity and also a high mass resolution. Secondary particles 
are filtered as they pass through a variable magnetic field. The path of the secondary particle 
is dependent upon the magnetic field strength which separates the particles according to their 
mass to charge ratio [9, 12].
3.2.4.3 Time of flight mass analyser
The time of flight analyser is well suited to SSIMS applications as it has a high mass 
range, mass resolution, transmission and sensitivity. ToF analysers filter secondary particles 
firstly by accelerating the ions with the same kinetic energy. The ions are then allowed to 
drift through a field free flight tube. The lighter ions with a higher velocity will arrive at the 
detector before slower heavier ions. The time taken for these ions to travel through a flight 
tube is dependant their mass to charge ratio [9, 12]. The measured flight time, t, is described 
by the equation below:
t = 4 [9]
Where V is the potential the ions are accelerated by, L is the length of the path, and m/z being 
the mass to charge ratio. ToF analysers are able to obtain images by rastering the primary ion 
beam across the surface. Figure 3-10 shows a schematic diagram of a ToF analyser.
- 38
1 El ion source v/ith 
pulsed SO'* deflector
2 Liquid meta! ion source
3 Target
4 Single-stage reflector
5 Detector
Figure 3-10. Schematic of a ToF analyzer. [13]
3.3 Scanning Electron Microscopy (SEM)
The main components of an SEM are the electron gun, electromagnetic lenses, 
scanning coils, and the electron detectors [16].
3.3.1 Basic principles
SEM employs a focused high energy electron beam to image the target surface 
topography on a nanometre scale. Typically electrons are thermionically emitted from a 
heated filament. The energy of the primary electrons is generally 100 eV up to 30 keV [16]. 
As the primary electrons interact with the sample surface they can go through either elastic or 
inelastic scattering. Elastic scattering occurs when both the momentum and energy of the 
electron are conserved. This type of scattering is the result of Coulombic interaction between 
the primary electron and an atom. Inelastic scattering is a general term used for when a 
portion of the energy of the primary electron beam is transferred to the sample surface. This 
can result in secondary emission such as x-ray or secondary electrons [16-17]. The scattering
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angle of the incident electrons is typically greater for elastically scattered electrons, as 
illustrated in Figure 3-11.
a)
#
b)
Figure 3-11. Diagram illustrating differences in the scattering angle for a) inelastic scattering 
and b) elastic scattering [17].
Electrons which have undergone large angle elastic scattering or which have been 
elastically scattered numerous times can occasionally escape the sample surface. These 
electrons are known as ‘backscattered electrons’ and have an energy close to that of the 
primary beam [16]. The number of backscattered electrons which mange to escape the sample 
surface is denoted by a quantity known as the backscattered electron coefficient, r|. The 
backscattered coefficient is strongly dependent upon the atomic number of the material [16]. 
Elements with a high atomic number generally backscatter more electrons and appear 
brighter than elements with a lower atomic number. This relationship between the 
backscattered coefficient and the atomic number enables differences in material phases to be 
imaged [16-17]. The backscattered coefficient is also influenced by the topography of the 
surface [16].
Secondary electrons emitted due to inelastic scattering are generally outer shell 
electrons. Secondary electrons are generally low energy (<50 eV) and as a result are emitted 
much closer to the sample surface [17]. Secondary electron imaging provides high spatial 
resolution of the surface topography. Secondary electron yield is highly dependent upon the 
surface topography. The sensitivity of secondary electron emission to topography forms the 
basis of secondary electron microscopy [16].
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3.3.2 Depth of analysis
The volume or area with which the primary electrons penetrate and interact with is 
known as the interaction volume. This volume is dependent upon numerous factors including 
primary beam energy, angle of incidence and the average atomic number of the sample 
surface [16-17]. The interaction volume has been determined via modelling and experimental 
work to resemble a teardrop shape as shown below in Figure 3-12.
Incident beam
Secondary electronsBackscattered electrons
X-rays
Figure 3-12. The interaction volume showing the relative depths of electron/specimen 
interactions.
Secondary electrons are low energy and as a result are only able to escape from a few 
nanometres from the sample surface. Backscattered electrons have a higher energy and 
therefore are able to escape the sample surface from a fraction of a micron. High energy x- 
rays are less likely to be absorbed and therefore are able to escape the sample from a depth of 
the order of one micrometer [16].
3.3.3 Instrumentation
3.3.3.1 Electron gun
The function of the electron gun is to produce electrons which are then accelerated 
and focused onto the sample surface. There are two types of electron gun routinely used for 
SEM which are the thermionic triode electron gun and field emission gun [16].
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Thermionic triode electron gun
The thermionic triode electron gun is capable of using a tungsten hairpin or a 
Lanthanum hexaboride (LaBô) as the emitter [16-17]. The tungsten hairpin electron gun is the 
most widely used electron emitter and uses thermionic emission from the thin tungsten 
hairpin. Thermionic emission occurs by heating the hairpin to approximately 2800K by 
means of passing a current (filament current) though the hairpin up to a point whereby 
thermionic emission occurs [16]. The filament acts as the cathode and the electrons are 
accelerated rapidly towards the anode held at the base of the gun chamber [16-17]. The LaBô 
emitter uses a small piece single crystal as the cathode [17]. An advantage the LaBô emitter 
has over a tungsten filament is that it has a lower work function -  therefore it will emit 
electrons at lower temperature. Operating the electron source at lower temperatures increases 
its lifespan significantly. To prevent a build up of contamination on the crystal the gun needs 
to be kept under a high vacuum [17]. A Wehnelt cap held slightly more negative to the 
emitter enables the area emitting electrons to be controlled [16]. A small hole in the anode 
centre allows electrons to pass through into the microscope column [16-17]. The thermionic 
electron gun has excellent current stability; however the lifetime of the filament is low and is 
limited in the electron beam brightness.
Field emission gun
The field emission gun is able to produce a much narrower electron beam with a 
brightness up to 100 times or more than that produced by thermionic electron guns [16]. 
Electrons are emitted from a fine single crystal tungsten tip with a diameter of approximately 
100 nm. A very high local electric field is at the tungsten tip, which enables electrons to be 
emitted due to tunnelling from the tip at a lower energy than that of the work function [16- 
17]. It is essential that the point of the tungsten tip is preserved - this requires that a UHV 
environment to be maintained.
3.3.3.2 Electron lenses
The emitted electrons once extracted travel down a column which contains a series of 
electromagnetic lenses. The electromagnetic lenses are used to focus emitted electrons into a 
narrow beam. The two main types of lenses found in an SEM are, the condenser lens and the
42
objective lens. The primary function of the condenser lenses is to control the diameter of the 
electron beam [16-17].
Once the diameter of the electron beam has been defined the beam passes through 
scanning coils or deflection coils. Scanning coils are used to deflect the electron beam and 
allows the beam to be rastered aeross the sample surface [16].
The objective lens defines the working distance by focusing the electron beam onto 
the sample surfaee. A short working distance gives a much better spatial resolution whereas a 
long working distance will reduce the spatial resolution but allow a much better depth of field 
[16-17].
3.3.3.3 Secondary electron detector
The most commonly used detector is the Evehart -  Thomley detector which is 
capable of detecting both secondary and backscattered electrons. The detector consists of a 
scintillator housed inside a Faraday cage, a scintillator, a light pipe and, a photomultiplier
[16], as shown in Figure 3-13.
Incident
Scintillator 
(b iased  to lOkeV) BE
BE BE
5E
Specimen
Light
guide
Grid 
(0 to 200 V)
Figure 3-13. Schematic showing the Everhart -  Thomley detector. Paths of secondary 
electrons (SE) and backscattered electrons (BE) are also shown [16].
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To detect secondary electrons a positive bias of approximately 500V is placed on the 
Faraday cage [17]. Low energy seeondary electrons are initially emitted in all directions, and 
are then directed towards the detector. The energy of the electrons is too low to excite the 
scintillator and so the electrons are accelerated by way of an applied voltage (~ +10 kV) [16]. 
The scintillator produces light photons whieh travel through the light pipe via total internal 
reflection toward the photomultiplier [16].
Provided that there is a direet line of sight to the detector, backscattered electrons are 
able to be detected, albeit with a very low efficieney. It should be noted that the signal 
received by the Evehart -  Thomley detector is not purely due to secondary electrons [17].
3.3.3.4 Backscattered electron detector
Due to the inability of the Evehart - Thomley detector to efficiently detect 
backscattered electrons, virtually all modem SEMs are fitted with a dedicated backscattered 
detector. Scintillator detectors can be used provided that they are positioned directly above 
the sample rather than beside it as with the Evehart - Thomley type detector. Figure 3-13
[17]. These detectors, also known as Robinson detectors, are comprised of a scintillator, a 
light pipe and a photomultiplier; this gives a greater solid angle of collection. These detectors 
are bulky and can interfere with the working distance of the microseope [16-17].
Solid state detectors are preferred and operate on the principal of electron hole pair 
generation. They are located close to the sample surface and below the objective lens. 
Modem detectors are split into four quadrants. The ability to add or subtract quadrants pairs 
enables the detector to separate the compositional information from the topograical [16-17].
3.3.4 Environmental scanning electron microscopy (ESEM)
As a result of the vacuum requirements of conventional SEM, samples which are non 
conducting or wet are unable to be imaged in their natural state. These samples would 
normally have to be coating in a conductive film or dried before imaging. ESEM removes the 
vacuum constraint and allows the SEM to operate at a mueh higher pressures (1 mbar cf 10’^  
mbar. This opens up the possibility of imaging samples in their natural state without having 
to alter their original characteristics. ESEM has made a huge impact in the imaging of
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biological samples, allowing non conducting, hydrated samples to be imaged in their natural 
state.
The design of the ESEM is similar to that of SEM in that it comprises of electron gun, 
electromagnetic lenses, scanning coils, and electron detectors. The electron column 
containing the electron gun, electromagnetic lenses and scanning coils are virtually identical 
to that of the traditional SEM. A vacuum is maintained in the electron column of the ESEM 
even though the analysis chamber is under a high pressure environment. This is achieved via 
a series of pressure limiting apertures (PLA) in conjunction with differential pumping. This 
allows the generation of electrons in the electron column to be achieved under vacuum 
without a loss in energy by way of electron scattering. The pressure is maintained in the 
analysis chamber by introducing water vapour via a separate vacuum pump.
Once the electron beam leaves the electron column and enters the analysis chamber, 
the eleetrons undergo energy losses due to their interaction with the gas molecules. The 
interaetion of electrons with the sample surface is much the same as SEM with the generation 
of backscattered and secondary emissions as well as x-ray generation. However their 
detection differs from that of SEM. The Evehart - Thomley detector used for secondary 
electrons detection is unable to be employed due to obvious issues with high potentials in a 
gaseous environment. Instead ESEM makes use of the ionisation of the gas due to secondary 
electrons emission and a small electrode with a moderate bias (-200V). The interaction of the 
secondary electrons upon the gas vapour causes further secondary electrons to be emitted. 
This cascade effect is particularly useful as it amplifies the secondary electron signal. The 
intensity of electrons detected at each given point is used to build up the image. The 
interaction of the primary electron beam with the sample surface results in the sample 
developing a negative charge. ESEM is able to neutralise the charge using the resultant 
positive charge of ionised of the gas molecules. This allows non conduetive samples to be 
imaged.
3.4 Scanning Probe Microscopy
Scanning probe techniques such as scanning tunnelling microscopes (STM) and 
atomic force microscopes (AFM) are based monitoring the interaction between a scanning a 
probe and the sample surface [18-19]. STM was first developed in 1982 by Binnig, Quate and 
Gerber but was limited to good electrical conductors. To overcome this problem Gerd Binnig
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and Heinrich Rohrer developed the AFM which enables the imaging of insulators [19]. Both 
techniques use the relative position of a sharp probe to construct three dimensional, 
topographical maps down to a sub-nanometre scale [18-20].
AFM can be operated in a number of environments including liquid, vacuum and 
atmosphere; this section will only describe AFM operation under atmospheric conditions
[20]. The components of an AFM consist of a cantilever, a piezoelectric scanner, deflection 
sensor and the control system [21].
3.4.1 Basic principals
The AFM consists of a cantilever beam which has an atomically sharp tip at one end. 
The tip is rastered across the sample surface and subjected to a variety of forces acting 
between the two causing the cantilever to deflect [20]. The interaction forces between the tip 
and the sample include mechanical contact forces, van der Waals, ion-ion repulsion forces, 
electrostatic, magnetic, and adhesive [19, 21-22]. The force (F) upon the cantilever is 
calculated using Hooke’s law, given by:
F = - k z  5 [20]
where k is the stiffness of the cantilever and z is the distance of the cantilever deflection.
The defection of the tip is measured at each (x,y) data point which allows the 
scanning software to build a three dimensional topographical map [20]. Methods for 
measuring the cantilever deflection include capacitance detection, laser beam deflection, and 
optical interferometry [19, 21]. The cantilever tip can be rastered across the sample surface 
using one of a number of modes of operation. These modes of operation are divided in 
contact, non-contact and tapping modes. The manner in which the cantilever tip is rastered, 
and tip deflection is measured, is application dependent.
A feedback loop utilises a piezoelectric scanner which allows three dimensional 
cantilever movements [20]. The feedback loop is to ensure that: for contact mode the 
cantilever tip deflection is kept constant, for non-contact mode the cantilever is oscillated at a 
user defined distance above the sample surface, and for tapping mode the cantilever is 
seillated at a height which allows the tip to intermittently make contact with the surface [21].
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3.4.2 Instrumentation
The basic components of an AFM consist of a piezoelectric scanner, cantilever, laser 
diode, mirror and a photodiode [20, 22]. A schematic of the AFM setup is given below 
in Figure 3-14.
Multiple segment 
photodiode
Mirror Laser diode
Cantilever
Sample
Piezoelectric scanner x,y,z
Figure 3-14. Schematic of an AFM setup.
3.4.2.1 Probe/ Cantilever tip
There are a wide variety of different cantilever types, each designed for a specific 
application. Cantilevers are commonly fabricated from silicon nitride or pure silicon using 
photolithographic techniques. The tip can be either glued onto the cantilever, or the tip can be 
directly fabricated as part of the cantilever. The cantilevers have several requirements [20, 
22];
o The spring constant should be small enough to allow the detection of small forces.
o Resonant frequency should be high enough to minimise sensitivity to mechanical 
vibrations.
o Sharp tips with small effective radius of curvature, as images depend critically on 
the point on the probe tip.
o For rough samples, the tip opening angle should be as small as possible to allow 
the tip to penetrate into deep troughs on the surfaee.
The radius of curvature of the cantilever tip (usually in the order of nanometers) 
defines the spatial resolution of the images taken. A smaller tip curvature allows smaller
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surface features to be imaged, and high aspect ratio tips are available for samples with abrupt 
changes in height. Damaged or contaminated tips increase the tip curvature and result in a 
lower resolution as well as the introduction of artefacts to the image [22]. Figure 3-15 is a 
schematic showing the connection between tip curvature and image resolution.
a) V 7
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Figure 3-15. Schematic illustrating the relationship between tip curvature and image 
resolution, a) a larger tip radius of curvature showing lower spatial resolution, b) a smaller tip 
radius of curvature allows finer surface detail to be imaged.
3.4.2.2 Laser beam deflection sensor
There are several different methods to detect cantilever deflections; the most common 
methods are based on optical detection methods [20]. Measurement of cantilever deflection is 
achieved by using a laser beam which is reflected from the back of the cantilever onto a 
position sensitive detector. The position sensitive detector is typically a photodiode array. 
Differences in the inputs to each of the photodiodes allow the feedback loop to maintain 
cantilever position as well as to build up the surface image. Sub-nanometre resolution can be 
achieved in this manner [21]. The detection of normal and lateral deflections is illustrated 
in Figure 3-16.
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Figure 3-16. Schematic showing setup of laser beam deflection. [21]
3.4.2.3 Piezoelectric scanner
It is critical that the relative position of the cantilever to the sample surfaee is 
monitored and controlled with sub-nanometre precision. Either the sample or the cantilever is 
attached to an actuator [20]. The purpose of the aetuator is to raster the eantilever across the 
sample surface (x,y), and also to maintain the sample to eantilever distanee (z) [20, 22]. The 
actuator is commonly a piezoelectric scanner which allows precision movements by way of 
an applied voltage[20, 22].
Piezoelectric scanners are now commonly manufactured from ceramics based on lead 
oxide, zirconate oxide and titanium oxide. The piezoeleetric seanners are usually made up of 
a series of independently operated piezoelectrie tubes which are radially polarised. The 
applieation of a voltage between eleetrodes on the inner and outer tubes surfaces cause the 
length of the tube to increase to decrease [21].
3.4.3 Modes of operation
There are several modes of operation available to the AFM user. Each mode is 
application dependant, and has its strengths and drawbaeks, some of which are listed in Table 
3-3.
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Table 3-3. Comparison of modes of AFM operation [21].
Advantages Disadvantages
Contact mode 1. Lateral forces may distort image.
1. High scan speed. 2. Subject to strong capillary forces
2. Able to scan rougher surfaces more due to adsorbed fluid layer.
easily. 3. Large lateral and normal 
forces can damage surface and tip.
Non-contact mode 1. Small lateral forces. 1. Slower scan speeds.
2. N o damage to soft or delicate surfaces. 2. Lower resolution.
Tapping mode 1. Reduced normal and lateral forces. 1. Subject to strong capillary forces
2. Minimal damage to soft or delicate due to adsorbed fluid layer.
surfaces. 2. Slowest scan speed.
3.4.3.1 Contact mode
In the eontact mode of operation the cantilever tip is in constant contact with the 
surfaee. The feedback system ensures the force acting on the cantilever (and therefore its 
deflection) is kept constant. If the measured defleetion is different to the desired deflection, 
the piezoelectrie seanner then adjusts the tip to surface distance [21]. A schematic illustrating 
how contact mode is used to build an image of the surface is shown in Figure 3-17.
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Figure 3-17. Schematic showing the contact mode of operation.
This mode has several short comings which are primarily caused by the frictional 
forces imposed on the sample surface by the tip. Delicate surfaces (such as some polymers or 
biological samples) are easily damaged by the force exerted by the tip; conversely damage to 
the tip due to adhesive forees can lead to artefacts in the image [21].
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3.4.3.2 Non-contact mode
The non-contact mode of operation overcomes these problems as the tip does not 
make contact with the sample surface. Instead the tip is held a small distance above the 
sample and makes use of long range but weak attractive Van der Waals forces. The influence 
of the weak Van der Waal forces upon the cantilever are minimal therefore the cantilever is 
oscillated with a low amplitude (<10 nm). Changes in the oscillation amplitude or frequency 
due to the interaction of Van der Waal forces are detected. The piezoelectric scanner, in 
conjunction with the feedback loop work to maintain a constant oscillation amplitude and 
frequency by adjusting the tip to surface distance. Non-contact is unable to provide as high a 
resolution as other modes of operation [21]. A schematic illustrating how non-contact mode 
is used to build an image of the surface is shown in Figure 3-18.
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Figure 3-18. Schematic showing the non-contact mode of operation.
3.4.3.3 Tapping mode
Tapping mode is able to provide high resolution topographical maps with minimal 
surface tip interaction. The tapping mode is ideal for sample surfaces which are delicate, 
loosely bound or adhesive. The cantilever is oscillated with a high amplitude (typically 20 -  
100 nm) at, or close, to its resonant frequency by the piezoelectric scanner. Unlike non- 
contact mode where the tip never contacts the surface, in tapping mode the oscillating tip 
gently ‘taps’ the surface. As the sample gently taps the surface the oscillation amplitude 
changes. When the tip encounters a feature proud of the surface the amplitude of oscillation 
decreases. Conversely when the tip encounters a depression on the sample surface the 
amplitude increases. As in non-contact mode the feedback loop and piezoelectric scanner 
keep the oscillation amplitude constant by monitoring/altering the tip to surface distance [21].
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A schematic illustrating how non-contact mode is used to build an image of the surface is 
shown in Figure 3-19.
/ /  /  /  /  /  /  /  ./ /  /  /  /  // / / / / / / / 7"
Figure 3-19. Schematic showing the tapping mode of operation.
3.5 Instrumentation used in this study
3.5.1 XPS
XPS analysis was conducted using a modified VG Scientifie ESCALAB Mkll 
electron spectrometer equipped with a Thermo Alpha 110 electron energy analyser and a 
Thermo XR3 digital twin anode source - see Figure 3-20. The twin anode was operated using 
A1 Ka x-ray radiation at 300W. Survey spectra over 0 - 1350 eV were obtained using a pass 
energy of 50 eV while high resolution spectra were obtained using a pass energy of 20 eV. 
The eontrol of the spectrometer and subsequent data proeessing was carried out using the 
manufacturer’s software Avantage (Ver. 4,37).
Figure 3-20. Picture of the VG Scientific ESCALAB Mkll electron spectrometer.
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Quantitative surface analyses were calculated from the peak areas of the high 
resolution spectra following the subtraction of a non-linear (Shirley) background. The 
manufacturer's quantification software (Avantage v4.37) was employed which uses the 
normalised peak areas, the peak areas divided by the appropriate Wagner atomic sensitivity 
factor, corrected for analyser transmission and the variation of electron attenuation length 
with electron energy. The transmission function correction not only considers the electron 
kinetic energy but also the analyser pass energy employed for the core levels 
considered. This provides a measure of surface composition in units of atomic percent. A 
non-linear background was employed as the metallic peaks considered all have steeply rising 
backgrounds which make a linear background very sensitive to the location of the integration 
points, similarly Wagner empirical sensitivity factors were used in preference to theoretical 
Scofield factors as the latter take no consideration of energy loss features associated with, for 
example, the cobalt 2p transition.
3.5.2 ToF-SIMS
ToF-SIMS analysis was conducted on a TOF.SIMS 5 system (lON-TOF GmbH., 
Münster, Germany), see Figure 3-21. Spectra were acquired using Big  ^as a primary ion 
beam, and operated using high current bunched mode at 25 keV and a primary ion current of 
0.3 pA. Spectra were over an area of 100 x 100 pm, at 64 x 64 pixels. Maps were acquired 
using Big  ^as a primary ion beam, and operated using low current bunched mode at 25 keV 
and a primary ion current of 0.06 pA. The low current bunched mode improves the lateral 
resolution by reducing the spot size of the beam to ~ 2 pm. Maps were taken over an area of 
256 X 256 pm, at 128 x 128 pixels. All the analyses were performed within the SIMS static 
limit of 1 X 10^  ^ions/cm^. Sputtering of samples was carried out using a Cgo^  source at 10 
keV with an ion current which ranged between 12-14 nA over a 400 x 400 pm^ area. Data 
presented in Chapter 6 has been semi quantified by normalising the signal of interest to the 
total ion count.
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Figure 3-21. Picture of the TOF.SIMS 5.
3.5.3 SEM
SEM was carried out using FBI Quanta 600 environmental SEM. An accelerating 
voltage of 20 kV was used with a working distance between 10mm and 20mm. The SEM was 
used in both environmental and standard modes depending on how wet the sample was.
3.5.4 AFM
AFM was carried out using a Nanoscope llla AFM (Digital Instruments). The 
instrument was operated in tapping mode using silicon cantilevers with a mean resonant 
frequency of 323 kHz. Images sizes were 1 x 1 pm with 256 x 256 pixels. Imaging was 
conducted in air at room temperature. The subsequent data processing was carried out using 
the manufacturer’s software NanoScope (R) 111 (Ver. 5.12r3).
-54
3.6 Conclusions
This chapter describes the surface analytical techniques used to study the interface 
between tissues and implants. Using the described techniques in combination will allow the 
interface between the implant and tissue to be investigated in detail. However, many of the 
techniques are unable to directly observe the development of the interface as it occurs. 
Careful sample preparation techniques will have to be employed in order to ensure that 
experiments replicate its development as closely as possible. The following three 
experimental chapters describe the data obtained using the analytical techniques described.
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4 Protein adsorption
4.1 Introduction
This is the first of three experimental research chapters which will explore and 
quantify the interfacial reactions between implants and tissues. As can be seen in the 
literature review below, protein adsorption is the very first event to occur when an implant is 
placed into a patient and therefore is the natural and obvious starting point for this research. 
Furthermore there is much literature to suggest the ultimate biological response to an implant 
is governed by protein adsorption.
In this study the adsorption of proteins from foetal bovine serum (FBS) on three Co- 
Cr-Mo ASTM-F75 alloy samples (as described in Chapter 2) with different metallurgical 
histories has been studied as a function of protein concentration. The aim for this chapter is to 
establish if post-manufacturing thermal treatments have any influence upon protein 
adsorption. Adsorption isotherms have been plotted using the surface concentration of 
nitrogen as a diagnostic of protein uptake as measured by XPS. To compliment the 
adsorption isotherms protein uptake has also been studied using AFM.
This chapter begins with a detailed literature review describing the development of 
the interface between tissues and implants starting with the very first event to occur (protein 
adsorption) through to the migration of cells to the area. This will be followed by a section 
describing adsorption theory and the techniques which will be used to examine the uptake of 
proteins. The results are then presented and discussed.
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4.2 Proteins
For the purpose of this study a short description of proteins is pertinent. Protein 
molecules are made up of sequences of amino acids, of which there are 20. These amino 
acids form peptide bonds with one another to form long chains known as polypeptides. The 
types and order of amino acids determine the structure of the protein which is held together 
by both primary and secondary bonds. Blood plasma is a complex proteinaceous solution 
with well over 100 proteins all of which have a variety of functions. These plasma proteins 
can be split into three distinct groups - albumins, globulins, and fibrinogens, which are 
classified according to their physical and chemical properties.
Albumin is a globular protein accounting for around 60% (3.5-5.0 g/dl) of plasma 
proteins making it the most abundant. Albumin is the major blood protein which acts to 
maintain colloidal pressure and also assists in the transportation of poorly water soluble 
substances.
Globulins are split into three subclasses: alpha (a), beta (p), and gamma (y). Alpha 
and beta globulins are similar to albumins in that they are involved in the transport of poorly 
water soluble substances. These globulins are however highly specific to the substances 
carried. Alpha and beta globulins are also factors in the blood clotting process. Gamma 
globulins are antibodies released during an immune response, the most significant being 
immunoglobulins.
Fibrinogen is a very large fibrous protein accounting for 4% (0.2-0.45 g/dl) of plasma 
proteins. Fibrinogen is involved in the activation of blood coagulation cascade which leads to 
thrombosis formation.
4.3 The development of the tissue/ implant interface
Materials interact with their environment through their interfaces [1-2]. The 
development of the tissue/implant interface is crucial in determining the ultimate biological 
response to the implant [1, 3-5]. The development of this interface is affected by numerous 
factors including material, shape, topography and surface chemistry, not to mention patient 
variabilities [3, 5]. With a variety of materials in use for hip resurfacing manufacturing
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methods as well as post manufacturing processes currently in use, it is important to 
understand what differences there are in the development of the implant/tissue interface.
Assuming the initial surface of the implant is completely clean (disregarding 
unavoidable adventitious contamination which will be readily displaced), when inserted into 
the patient the first molecules which come into its contact are water molecules. Within a few 
nanoseconds a water mono or bilayer is formed - of which type depends on the material 
surface properties. Subsequently natural ions such as Cl~ or Na^ become incorporated into 
the water layer [6-7]. The next step is the adsorption of proteins from the surrounding blood 
and tissue fluids. Biological fluids are often very complex with many species competing for 
available surface area [4].
The process of protein adsorption is a dynamic one by which proteins go through 
conformational changes, denature or can be replaced by larger proteins, known as the 
“Vroman effect” [4, 6]. The Vroman effect describes the phenomenon whereby the more 
abundant proteins with a low surface affinity adsorb first but are replaced by scarcer proteins 
with a higher surface affinity. Figure 4-1 shows a representation of the time dependent 
composition of the adsorbed protein layer as a result of the Vroman effect.
Adsorbed Protein Concentration vs.Time
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Figure 4-1. Simplistic illustration showing the Vroman effect. Initially the “red” and “green’ 
proteins are preferentially adsorbed. As the adsorption time increases the “red” and “green’ 
proteins are replaced by the “blue” protein which has a higher affinity for the surface [2].
_ _
There are a multitude of proteins and molecules present in the blood and tissue fluids 
and so the composition of the adsorbed protein layer is a mixture of different proteins. Once 
adsorbed to the surface proteins may retain their confirmation or structure or they may go 
through conformational and/or orientational changes, as shown simplistically in Figure 4-2 
[2, 8-9]. Protein conformational changes occur when their 3D structure changes i.e. a change 
in the secondary (a-helix, p-sheet etc.), tertiary, or quaternary protein structure [9].
Conformation:
&  c_> \ ___ J
tim e  ►
Orientation:
e  m
Figure 4-2. The adsorbed proteins conformation and orientation is dependent upon the 
adsorption conditions and surface properties. The top diagram shows a protein denaturing 
with increasing adsorption time. The bottom diagram shows a protein adsorbing in different 
orientations [2].
Cellular adhesion to the adsorbed proteinaceous layers is achieved via membrane 
bound integrins, cadherins and other receptors [10]. Changes in protein conformation or 
orientation influence cellular adhesion as these changes in the protein structure will expose 
different regions of the protein with different amino acid compositions [2]. These physical 
and even chemical transformations of adsorbed proteins also often elicit changes in the 
biological activity of proteins, e.g. enzyme activity [8]. In addition to this the competing 
molecules of the surrounding biological fluid will change as the interface between implant 
and tissue matures. As a result the kinetics of protein adsorption are inherently complex as 
the long term behaviour is likely to differ from the short term behaviour [11]. Eventually 
when cells reach the surface they are presented not with the surface of the implant but a 
proteinaceous conditioning layer to which they bind via cell membrane receptors and 
integrins [6, 8, 12-13]. Once cells migrate to the area the proteinaceous conditioning layer not 
only determines which cells bind, but also how they bind and if they become activated [6]. 
The cellular activity is predominately responsible in the determination of the ultimate tissue
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response. This shows there is a connection between the surface of the implant and the 
ultimate tissue response.
There are other factors which can influence the development of the implant/tissue 
interface. Many materials are designed or given coatings which release ions or molecules 
which will either penetrate the cellular membrane or stimulate membrane bound receptors A 
relevant example would be hydroxyapatite coatings applied to both THRs and resurfacings. 
Hydroxyapatite releases Ca^ and POT which promotes bone ingrowth and osseointegration 
[6-7].
4.4 Molecular mechanisms of adsorption
The surface properties of the substrate play a significant role in the rate, extent and the 
mechanism of adsorption. Surface characteristics which influence adsorption and desorption 
include wettability (hydrophilicity/hydrophobicity or surface free energy), charge, roughness 
and rigidity [14] .The interactions recognised as occurring in protein adsorption are said by 
some authors to be non-covalent i.e. H-bonding, electrostatic, and hydrophobic interactions. 
These authors report that examples of covalent adsorption are rare [8]. However experimental 
data from numerous studies has shown good fits to chemisorptions models suggesting donor- 
accepted as well as covalent or ionic bonds [5, 15].
Hydrophobic/hydrophilic interactions exert a major influence over protein function, 
structure and adsorption. Hydrophobic interactions result in the proteins orientating 
themselves so that hydrophobic side chains are driven into the protein ‘core’ which results in 
a hydrophilic ‘shell’. It is a widely accepted generalisation that the more hydrophobic a 
surface the greater the extent of protein adsorption [8, 14, 16].
Proteins have heterogeneous surfaces which can expose both positively and 
negatively charged domains. As a result proteins are subject to electrostatic interactions 
between the proteins and substrate. These interactions can be both repulsive and attractive 
depending upon the surface charge and exposed protein charge. Electrostatic interactions 
between proteins and surfaces occur over relatively short distances. These interactions 
therefore only become relevant once the protein is in close proximity to the surface.
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4.5 Methods used to study protein adsorption at the liquid/solid interface
Over the years there have been many experimental techniques developed and applied 
to study the adsorption of proteins at the solid/liquid interface. Even though there has been a 
wealth of research carried out in this area, the rationale design for improved biomaterials 
remains a challenge. A multi-technique approach is necessary as there is no one technique 
capable of providing a thorough insight into assessing protein adsorption. Optical techniques 
include ellipsometry, variable angle reflectometry, and surface plasmon resonance (SPR). 
Other techniques include radiolabeling, optical wavelength light spectroscopy (OWLS), and 
the use of the quartz crystal microbalance (QCM). Each technique varies in the level of 
qualitative and quantitative information obtainable. In this chapter XPS and AFM have been 
used in conjunction as they provide complementary sets of data to characterise the uptake of 
protein on a surface [17].
Ellipsometry is a popular quantitative technique used to study protein adsorption 
which is able to give information on the structure/conformation and kinetics of protein 
adsorption. Extensive work carried out by the likes of Tengvall et al. [18], Malmsten [19- 
20], and Arwin et al. [21] have shown the effectiveness of the technique at determining 
changes in protein thickness and coverage. The technique works by measuring changes in the 
state of light reflected from the sample surface being studied. If the polarized light is incident 
upon a thin film then the phase and amplitude of the reflected light changes. Measuring the 
change in the reflection properties allows changes in uptake to be measured.
The QCM analysis technique has been specifically designed for studying adsorption 
onto surfaces. QCM can be thought of as an ultra-sensitive mass sensor (balance), able to 
detect changes in the nano-gram range in real time. This is achieved using a piezoelectric 
quartz crystal with two electrodes on either side. An AC voltage is applied over the electrodes 
causing the piezo crystal to oscillate. As adsorption occurs, the resonant frequency of the 
piezo crystal will decrease proportionally to the mass of the adsorbed layer. The ability of 
QCM to detect minute changes in mass under a fluid in real time without labelling makes it a 
very attractive technique. Caruso et al. used a variety of techniques including SPR, XPS, 
AFM and QCM to study the adsorption of horse ferritin onto gold [22]. Results from both 
QCM and SPR gave a good fit to the Langmuir model. Competitive protein adsorption has 
also been studied using QCM [23-24]. Differences in proteins characteristics will yield
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differences in the frequency shift and dissipation signals when using QCM [23]. Benesch et 
al. were able to show that bovine gamma-globulin adsorbed preferentially to bovine serum 
albumin on both hydrophilic and hydrophobic surfaces [23]. Welle et al. have used QCM to 
show that UV modification to polystyrene substrates promotes the competitive adsorption of 
cell adhesion proteins from the in-vitro growth medium or that secreted by the cells [24].
Radiolabeling is another useful technique commonly employed to study protein 
adsorption. Although radiolabeling is unable to give information regarding the structure and 
conformation of adsorbed proteins, it is able to give very precise quantitative values of 
adsorbed protein coverage. The technique commonly uses the iodine-125 isotope which 
is incubated with, and binds to, the protein of interest. The uptake of the labelled proteins on 
the surface being studied can then be measured using a technique such as plasmon resonance 
spectroscopy or infrared spectroscopy. Some authors have compared this method to other 
techniques and reported adsorption values higher than those from the other techniques [25- 
26]. Furthermore it has been noted that this effect seemed to be dependent upon the metal 
substrate being studied. Whilst there is no satisfactory explanation of this effect Sheardown et 
al. have suggested that this could be due to residual remaining on the sample surface.
XPS is suited to studying protein adsorption as it is a fully quantifiable technique. In 
addition to this (as already outlined in Chapter 3) XPS is able to provide chemical bonding 
information. Not only does XPS have good low detection limits (~ 0.1 at.%) but also the 
depth of most adsorbed protein monolayers (1-lOnm) is ideally suited to the depth range of 
XPS analyses [2]. Although XPS cannot be used to distinguish between the types of adsorbed 
proteins - as proteins tend to have very similar amounts of carbon, oxygen, and nitrogen - it is 
able to determine the total amount of protein adsorbed. For surfaces which do not contain any 
nitrogen this is achieved by using the surface concentration of nitrogen as an assay for protein 
uptake [15, 27-30].
AFM and other associated scanning probe techniques are probably the most rapidly 
growing techniques in surface science today. AFM is ideally suited to probe the topography 
of adsorbed protein overlayers due to its exceptionally high spatial resolution. In addition to 
qualitative studies of surfaces topography, AFM is also able to provide quantitative data from 
mathematical quantities such as surface roughness. Unlike many techniques AFM does not 
require the biomolecules to be labelled or treated, and with a use of a fluid cell can be studied 
in an aqueous environment [31]. The issue of the lack of chemical specificity of the technique
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can now be overcome by functionalisation of the probe tip. An active biomolecule or 
functional group is attached to the probe tip and is rastered across the sample surface. Force 
curves are produced at discrete points which contain information relating to the biological 
affinity between the immobilised biomolecule and the surface. Numerous modes of operation 
have been developed for image generation including magnetic, electrical, electrochemical, 
viscoelastic, frictional, and adhesive.
Aeimbhu et al used XPS to measure the uptake of albumin on Ti substrates using 
XPS. AFM was used to determine the thickness of the adsorbed proteinaceous layer and used 
in order to account for the signal attenuation from the substrate according to the Beer- 
Lambert law [15]. Although they achieved limited success in compensating for signal 
attenuation they did show protein adsorption followed the Temkin adsorption model. Browne 
et al also combined XPS and AFM to study albumin adsorbed onto oxidised and non­
oxidised polystyrene surfaces [27]. Their study showed that protein coverage was 
independent of protein concentration for a non-oxidised polystyrene surface. Lower levels of 
protein adsorption were seen on oxidised polystyrene substrates however adsorption was 
shown to be dependent on the albumin concentration used. AFM was used to study protein 
uptake and determine the adsorbed film thickness. Differences in adsorption between the two 
polystyrene substrates were attributed to protein conformational changes brought about by 
the polar (hydrophilic) oxidised surface compared to the non-polar (hydrophobic) non­
oxidised surface. Satriano et al investigated protein adsorption and fibroblast adhesion on 
poly(hydroxymethysiloxane) (PHMS) treated by either O2 plasma or 6keV Ar^ beams [29]. 
XPS was used to show that on both treated and non-treated PHMS surfaces a thick 
continuous proteinaceous layer developed. AFM showed that for the untreated PHMS surface 
protein aggregates of 70 x 120 nm were formed. The plasma treated surface gave rise to a 
more uniform and dense topography with smaller protein aggregates. Finally the Ar"^  
irradiated surface gave rise to a two different size populations of large irregularly distributed 
protein aggregates. Despite XPS and AFM showing little difference between chemistry and 
topography of the clean surfaces cellular adhesion between the samples was significantly 
different. No significant cellular adhesion was seen on the untreated PHMS, whereas the 
treated surfaces showed a dramatic increase in cell adhesion. Cell morphology and adhesion 
was slightly better on the 6keV Ar^ treated substrate when compared to the O2 plasma treated 
substrate. Sharma et al used both XPS and AFM to investigate the antifouling characteristics 
of thin poly(ethylene glycol) (PEG) interfaces on silicon based biosensors using fibrinogen
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as the model protein [30]. XPS analysis demonstrated that the adsorption of fibrinogen was 
lower on surfaces with higher concentration PEG films showing that PEG interfaces are 
efficient in controlling protein fouling. In the study, AFM was used to give further insights 
into the surface topography of protein adsorbed surfaces. Mitsakakis et al studied the 
adsorption of human plasma proteins (albumin and fibrinogen) onto titanium and 
hydrogenated carbon substrates using AFM [32]. Concentrations of proteins used were the 
same as that found in human plasma. AFM measurements were carried out in both in air and 
under buffer (to replicate the proteins near physiological environment) and results showed 
that the two environments produced a very similar surface morphology. Both qualitative and 
quantitative results showed that protein adsorption was substrate dependent. Coen et al 
studied adsorption of protein onto both silicon and TiO] substrates. Their work found that 
multilayers were formed in protein adsorption occurring in two stages. The first adsorbed 
protein layer consisted of strongly bonded denatured proteins. A slow formation of a second 
subsequent layer of non denatured proteins occurred over the first [33].
4.6 Adsorption theory and fractional coverage
In surface science the fractional coverage, 0, is used to express the quantity of 
material adsorbed onto a surface as a function of monolayer coverage. This is the ratio 
between the number of occupied adsorption sites {N) to the total number of sites available for 
adsorption {N^. In terms of classical surface adsorption theory it is usual to consider gas 
phase adsorption (at constant pressure); fractional coverage can then be described by the 
ratio between the volume of gas adsorbed {V ) relative to the volume of gas adsorbed at
monolayer coverage (f^ )  [34].
e = ^ = ^  1
More recently adsorption from the liquid phase has been studied by constructing 
adsorption isotherms by measuring the amount of material retained on a surface once 
removed from the liquid solution. The use of XPS in this way was pioneered by Castle & 
Bailey [35] and was subsequently extended to ToF-SIMS by Abel et al  [36]. The 
experimental requirements of this approach have been reviewed by Watts & Castle [37].
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In this work XPS has been used to calculate the fractional coverage based on the 
surface concentration of an element diagnostic of the adsorbate. There have been numerous 
XPS studies which have used nitrogen as a protein marker [15, 27-30]. These studies have 
confirmed that the appearance of a nitrogen peak in XPS spectra following immersion in 
protein containing solutions is due to protein adsorption. Sharma et al  (2004) stated that 
there are three ways of quantifying protein uptake on protein surfaces: (1) the percentage of 
nitrogen in the surface composition; (2) the fraction of C-N peak area in total Cls high 
resolution spectra; (3) attenuation of the diagnostic substrate marker [30]. Chromium was 
used as the diagnostic substrate marker to establish the XPS signal attenuation as the 
adsorbed protein overlayer thickness increased. Coverage was determined by quantifying the 
XPS spectrum and plotting the surface concentration of the adsorbate as a function of FBS 
concentration; this is the liquid phase/XPS version of the well known gas phase adsorption 
isotherm, derived in the next section.
4.7 Adsorption isotherms
Adsorption is commonly described using isotherms which indicate the amount of 
adsorbate retained on the substrate surface as a function of solution concentration, at a 
constant temperature. The kinetics of adsorption can also be studied, and consideration of 
both provides an indication of the kinetics and thermodynamics of the adsorption process. In 
practice it is usual to establish the position of kinetic equilibrium and then conduct the 
thermodynamic investigations.
Adsorption isotherms give useful information regarding coverage as well as 
information on the mechanism of adsorption [15]. Adsorption can be achieved through either 
chemisorption or physisorption, which depends upon the type of bond formed between the 
adsorbate and the substrate.
Physisorption is a result of van der Waals forces which is generally long range but 
weak. The enthalpy of adsorption is considered to be less exothermic than - 25 kJmol'\ 
Chemisorption is characterised by a stronger interaction between the adsorbate and substrate. 
Stronger secondary and even primary bonds (ionic, metallic, or covalent) are formed, 
generally with an enthalpy of adsorption more negative than - 40 kJmol'^ [37]. An important 
difference between the two modes of adsorption is their response to heat. Increasing the
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temperature will lead to a decrease in the amount of material physisorbed, whereas in the case 
of chemisorption an increase in adsorption will be observed as it is an activated process. 
Another significant difference between physical and chemical adsorption is related to the 
saturation level of the adsorbed species. Chemisorption can only ever achieve monolayer 
formation as adsorption ceases when the adsorbate no longer has access to the substrate. 
However, physisorption has no such restriction and so is able to form multilayers of many 
molecules thick. It is possible for an initial chemisorbed layer to act as a substrate for further 
material to be physisorbed as described by the well-known BET isotherms [38]. Figure 4-3 
below illustrates how the saturation levels differ between the modes of adsorption.
A
Physisorption
Chemisoiption followed by physisorption
Chemisorption
Concentration o f  liquid solution
Figure 4-3. Adsorption isotherms demonstrating how uptake differs between physisorption 
and chemisorptions.
There are many models describing chemisorption, each with different assumptions 
used to derive the expressions for surface coverage. Commonly used isotherms include the 
Langmuir, Temkin and Freundlich isotherms.
The Langmuir isotherm is the simplest isotherm and is based on the following 
assumptions:
• Multilayer coverage is not possible.
• All adsorption sites are equivalent.
• The probability of the adsorption of a molecule is independent of 
neighbouring sites being occupied or otherwise.
• The enthalpy of adsorption remains constant as a function of fractional 
coverage (0 ).
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Using these assumptions the fractional monolayer coverage, (6), in gas phase 
adsorption studies at pressure, (P), can be expressed as follows:
l + bP
where b is the ratio of the rate constants for adsorption and desorption and is related to both 
the enthalpy of adsorption and temperature. The constant b is usually expressed as:
ô = Z?oexpg/i?7) 3
where is a frequency factor, Q is the interaction energy, R is the gas constant and T is the 
temperature. Replacing 6 with V I (equation 1), equation 2 can be rearranged to give:
P I P+
As previously stated the Langmuir isotherm assumes independence and equivalence 
of adsorption sites. Temkin and Freundlich isotherms are based on the observation that the 
more energetically favourable sites (those with a more negative enthalpy of adsorption) are 
occupied first by the adsorbate [38]. In other words the enthalpy of adsorption becomes less 
negative as 0 increases. The Temkin isotherm assumes that adsorption enthalpy changes 
linearly with coverage. The Temkin isotherm is represented as:
û = c^  ln(c2f )  5
where c, and are constants. The Freundlich isotherm assumes that the adsorption enthalpy 
varies logarithmically with gas pressure and is given by:
e= c^p '“  ^ 6
Adsorption isotherms are expressed in the present study as the amount of adsorbate on 
the substrate as a function of solution concentration. For liquid phase adsorption measured 
using XPS the Langmuir adsorption equation can be expressed as:
c \ c+
%
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where c is the solution concentration, x is the uptake as measured by XPS and F^is
monolayer coverage i.e. the maximum uptake as measured by XPS [37]. The test of 
conformity of experimental data to the Langmuir isotherm is achieved by plotting c/x against
%. Compliance to the isotherm will result in a straight line with a gradient of 1/F^ and an 
intercept of l/bT^. For liquid phase adsorption the Temkin equation 5 becomes:
6 = h\xic 8
and a plot of x against Inc will exhibit a straight line to show its conformity. Finally, the 
Freundlich isotherm is expressed as:
6  =  hc^'^^ 9
Testing the conformity of experimental data to the Freundlich is achieved via a plot of 
logx against loge. If the data obeys the Freundlich isotherm, a straight line will result.
Although there are many forms of isotherm [39], the Langmuir and Temkin have been 
shown to be the most widely applicable in determination of adsorption isotherms by means of 
surface analysis [37].
4.8 Methods and Materials
4.8.1 Preparation of the Co-Cr-Mo coupons
Three Co-Cr-Mo ASTM-F75 alloy samples included an as cast (AC) sample, the 
second sample had undergone solution annealing (SA) post-manufacture; the third had been 
treated by hot isostatic pressing (HIP) followed by SA - HIP SA. Coupons were cut from the 
samples with a 10mm diameter and 2mm thickness. Samples were polished to provide an 
unblemished mirror finish using a water based colloidal silica suspension with an average 
particle size of 0.04pm. The polished coupons were then cleaned in an ultrasonic bath with 
deionized water, methanol and, finally acetone for 5 minutes each.
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4.8.2 Preparation of the foetal bovine serum
Protein solutions were prepared using foetal bovine serum (FBS) (Sigma-Aldrich, 
Poole, UK). The table below gives the protein profile obtained from the FBS certificate of 
analysis.
Table 4-1. FBS protein profile obtained from certifieate of analysis.
Results
Total protein 3.8 g/dl
Albumin 2.9 g/dl
A-Globulin 0.4 g/dl
P-Globulin 0.4 g/dl
y-Globulin 0.4 g/dl
IgG 181gg/dl
Solutions were made up by diluting the FBS with deionized water. Eight 5ml FBS 
solutions with concentrations varying from 100 to 10’^  % v/v were used. Solutions were made 
up using a serial dilution method with deionised water and FBS. The coupons (once clean) 
were then placed in 5ml of the protein solution for 30 minutes to allow sufficient time for 
adsorption to occur. This relatively short incubation time has been used in this study in order 
to identify the first stages of adsorption which are responsible for the initial cell attachment 
process [29]. Subsequently the coupons were removed from the FBS solution and were gently 
rinsed using Milli-Q water to ensure that any unbound proteins were removed. The same 
batch of FBS was used to ensure the quantity of proteins in solution was kept constant.
4.8.3 X-ray photoelectron spectroscopy
The experimental conditions have been described in section 3.6.1. To reduce damage 
due to the radiant heat from the twin anode to the delicate adsorbed proteinaceous layer the x- 
ray source was operated 30mm from the sample surface. For each FBS concentration three 
identical samples were prepared and analysed in order to ensure repeatability. The average 
value obtained from three samples was used to plot the adsorption isotherms.
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4.8.4 Atomic force microscopy
The experimental conditions have been described in section 3.6.4. For each FBS 
concentration three identical samples were prepared and analysed in order to ensure 
repeatability. For each sample three images were taken to account for inter-sample 
variability. All roughness values shown are therefore an average of 9 tests per solution 
concentration.
4.8.5 Adsorption isotherm curve fitting and statistical analysis
Curve fitting and statistical analysis of data was carried out using OriginLab 
OriginPro 8 (v8.0724) data analysis package.
4.9 Results
4.9.1 Surface composition
Figure 4-4 shows the XPS survey spectrum from a polished AC Co-Cr-Mo ASTM- 
F75 sample. As can be seen the spectrum is dominated by strong signals originating from C, 
O, Cr, Co, and Mo.
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Figure 4-4. XPS survey spectrum for a cleaned and polished AC sample.
71
The changes in the background coming from the nonelastic scattered electrons 
provides a non destructive means of assessing the order of the near surface layers [40]. The 
near horizontal backgrounds of both C and O and the negative slope of the Cr background 
indicate that these are enriched on the alloy’s surface. The Co peak on the other hand has a 
positive slope indicating increased scattering due to overlayers. This suggests that the Co 
signal originates from a lower layer than the other peaks.
Quantitative analysis has been carried out to determine the surface composition of the 
elements present in all three samples’ oxide layers, the results of which are presented in Table 
4-2.
Table 4-2. Compositions of the clean Co-Cr-Mo ASTM-F75 samples.
Surface concentration, at. % (a)
C O Cr Co Mo
AC 33.6, (4.7) 41.0,(3.5) 14.3, (0.4) 10.2, (2.0) 0.9, (0.5)
SA 34.3, (4.4) 40.1,(5.4) 11.7, (1.8) 13.3, (2.8) 0.6, (0.1)
HIPSA 33.8,(2.6) 38.9, (3.8) 12.5, (1.9) 14.2, (4.4) 0.6, (0.0)
The surface compositions of all three samples have been found to be fairly similar, 
with the most abundant species observed on the sample surfaces being carbon and oxygen. 
The significant surface concentration of carbon is adventitious contamination which may 
have come from the cleaning process or adsorbed from the ambient atmosphere. The 
thickness of the carbonaceous contamination overlayer can be estimated using the modified 
Beer-Lambert equation [40-41] :
d -  ~^cis,c cos Ô In (^ 1 - 10
where lcis,c is the effective attenuation length for carbon Is (3.5 nm), 0 is the photoelectron 
take off angle relative to the surface normal and x is the atomic % of carbon found on the 
sample surface (see. Table 4-2). Based on the above method for estimation of carbonaceous 
thickness the AC, SA and HIPSA were estimated to have 0.86, 0.88 and 0.87 nm 
respectively.
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In order to study the chemical bonding of the sample surfaces 15 seconds of argon ion 
beam etching was used to remove the adventitious contamination. The high resolution Cr2 p3/2 
spectra for the three samples is shown below in Figure 4-5.
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Figure 4-5. High resolution fitted XPS spectra of Cr2 p3/2 region for the a) AC sample b) SA 
sample and c) HIPSA sample.
As can be seen the spectra is composed of two components: the first at a binding 
energy of approximately 574 eV originates from the metallic chromium, and the second at a 
binding energy of 577 eV originates from chromium oxide [42]. It can be seen that the AC 
sample has a significantly larger oxide component associated with the Cr metal peak than 
either of the two other heat treated samples. After 15 seconds of etching both the SA and 
HIPSA samples exhibit a larger metallic than oxide component. Interestingly, the metallic/ 
oxide intensity ratio for the heat treated samples are both very similar.
The high resolution spectra of the Co2p3/2 peak after 15 seconds of sputtering for all 
three samples is shown below in Figure 4-6. The high resolution spectra is composed of four
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components; the first is a metallic component at a binding energy of 777.9 eV, the second 
peak at a binding energy of 779.4 eV is indicative of C02O3, the third at 780 eV indicates the 
presence of CoO, lastly the peak located at 111 eV is the Co LVVAuger peak.
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Figure 4-6. High resolution fitted XPS spectra of Co2p3/2 region for the a) AC sample b) SA 
sample and c) HIPSA sample.
The presence of nitrogen is indicative of the presence of adsorbed proteins. Nitrogen 
is absent in the spectra taken from all three polished and clean samples. However, as shown 
in Figure 4-7, it is present in the XPS survey spectrum taken from an AC sample immersed in 
100% v/v FBS for 30 minutes. The near horizontal background of the C, N and O peaks show 
that these species are now enriched on the sample surface. The Cr and Co peaks are almost 
lost in the increasing background due to attenuation of the substrate by the proteinaceous 
overlayer.
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Figure 4-7. XPS survey spectrum for AC sample in 100% v/v FBS.
Figure 4-8 shows the superimposed high resolution spectra of the Nls peaks after 
immersion in various FBS concentrations plotted against relative intensity. This shows how 
the NIs peak increases in intensity with increasing FBS concentrations.
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Figure 4-8. XPS spectra from Nls region plotted on an arbitrary scale to show the relative 
intensities obtained after immersion in a series of FBS concentrations.
The surface concentrations of nitrogen on all three samples are presented below in 
Table 4-3. It can be seen that for all three samples the surface nitrogen concentration for the
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lowest FBS concentration used is similar. The data show that the surface concentration of 
nitrogen increases as a function of FBS concentration up to approximately 25% (v/v) FBS. At 
this point increasing the FBS concentration does not lead to an increase in the surface 
concentration of nitrogen.
Table 4-3. Surface concentration of nitrogen for all three samples after exposure to FBS 
solution (n=3 per sample per FBS concentration).
AC SA HIPSA
FBS concentration 
(% v/v) N avg. (at.%) o N avg. (at.%) a N avg. (at.%) a
100 10.5 0.2 10.3 0.4 10.9 1.3
50 10.8 0.2 10.9 0.1 10.8 0.8
25 10.5 1.1 10.5 0.4 10.8 1.2
10 9.8 0.5 10.4 0.5 10.3 0.5
1 9.7 0.9 8.1 0.2 8.8 0.3
0.1 9.4 0.5 6.5 0.4 7.0 0.5
0.01 7.9 0.6 5.6 1.4 6.3 0.3
0.001 6.2 1.0 2.8 0.2 3.9 0.5
0.0001 1.6 0.2 1.1 0.2 1.5 0.5
The surface concentrations of the diagnostic substrate marker (chromium) are 
presented below in Table 4-4. As can be seen, for all three samples as the concentration of 
FBS is increased the surface concentration of chromium is reduced. This is the result of 
attenuation of the chromium signal due to an increasing overlayer thickness. The data shows 
that at a FBS concentration of 25% and above the overlayer thickness no longer increases.
Table 4-4. Surface concentration of chromium for all three samples after exposure to FBS 
solution (n=3 per sample per FBS concentration).
AC SA HIPSA
FBS concentration 
(% v/v) Cr avg. (at.%) a Cr avg. (at.%) a Cr avg. (at.%) a
100 3.1 0.3 3.9 1.0 3.7 0.8
50 2.4 0.1 4.3 0.6 3.1 0.9
25 3.4 0.4 4.7 0.3 4.3 1.0
10 4.2 2.4 5.8 0.5 6.9 1.4
1 5.3 0.4 6.6 0.3 6.6 0.9
0.1 5.8 1.2 7.2 2.3 6.4 0.1
0.01 7.8 1.8 7.5 2.6 7.7 1.3
0.001 6.7 0.9 9.7 1.3 9.1 4.1
0.0001 10.8 1.2 11.5 1.9 11.8 2.6
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4.9.2 Adsorption isotherms
The concentrations of nitrogen on the three Co-Cr-Mo ASTM-F75 sample surfaces 
immersed in increasing FBS strengths are shown in Figures 9, 10, and 11 respectively.
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Figure 4-9. Surface nitrogen concentration as a result of protein adsorption on the AC 
sample, plotted as a function of FBS solution concentration (n=3 per FBS concentration).
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Figure 4-10. Surface nitrogen concentration as a result of protein adsorption on the SA 
sample, plotted as a function of FBS solution concentration (n=3 per FBS concentration).
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Figure 4-11. Surface nitrogen concentration as a result of protein adsorption on the HIPSA 
sample, plotted as a function of FBS solution concentration (n=3 per FBS coneentration).
The data show that a plateau is reached for all three samples and protein uptake no 
longer increases as a function of FBS solution concentration. The point at which a monolayer 
develops is known as the critieal saturation point of protein, and is approximately 10% (v/v) 
FBS for all three samples. If saturation coverage of the Co-Cr-Mo substrate is indeed 
occurring, an analysis of the attenuation of a component from the substrate should also reveal 
a plateau at approximately 10% (v/v) FBS. Figure 4-12 shows the surface coneentration of 
nitrogen on the surface of the AC sample as well as the chromium attenuation plot as a 
function of FBS solution concentration.
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Figure 4-12. Surface nitrogen and ehromium eoneentration as a result of protein adsorption 
on the AC sample, plotted as a function of FBS solution concentration (n=3 per FBS 
coneentration).
Figure 4-12 shows that the nitrogen isotherm and chromium attenuation isotherm 
pairs for eaeh of the three alloy samples are in broad agreement with one another - this is 
verified by the faet that all three nitrogen and ehromium isotherm pairs indicate monolayer 
coverage at around the 10% v/v concentration.
The chromium attenuation plot shown in Figure 4-12 also gives some information 
regarding the thiekness of the adsorbed protein monolayer. Figure 4-12 shows that even with 
monolayer coverage the chromium signal is present. This shows that the thickness of the 
adsorbed protein monolayer never exceeds the analysis depth of XPS which is considered to 
be approximately between 5 to 10 nm. The presence of the Cr signal indieates that the 
thiekness of the adsorbed proteinacous monolayer is less than 10 nm. The structure and 
potential orientation of both albumin and IgG are considered to be equal to or less than 12 nm 
as shown sehematically in Figure 4-13. As detailed in seetion 4.8.2 both of these proteins are 
present in the FBS solution.
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Figure 4-13. A schematic representation of structure and surface adsorption of a) Albumin 
and b) IgG [43].
Fractional coverage based on the averaged surfaee concentration of nitrogen at 
monolayer coverage is shown for all three samples in Figure 4-14. The data has been 
presented in Figure 4-14 using both a linear and logarithmic scale. Conventionally linear 
seales are used to present adsorption isotherms as the concentration ranges studied are 
relatively small. However if a mueh larger eoneentration range is used (as it is in this 
investigation) important attributes of the isotherm at lower coneentrations are lost. So 
therefore the use of a logarithmic scale enables the data points at the low coneentrations of 
the isotherm to be examined and compared. All three samples begin at a similar level of 
coverage and as the FBS concentration is increased develop higher levels of protein coverage. 
In the region of pre-monolayer coverage (from 10‘^ % to ~ 10% v/v), the AC sample shows 
higher levels of protein uptake with increasing FBS solution concentration than either of the 
heat treated samples. At a coneentration of 0.1% v/v FBS the AC sample has developed a 
coverage of 90% of that corresponding to maximum coverage. At that same eoneentration the 
SA and HIPSA substrates have developed a coverage of approximately 60% of that 
corresponding to maximum coverage. The two heat treated samples (SA and HIPSA) both 
show remarkably similar levels of coverage over the coneentration range used.
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Figure 4-14. Adsorption isotherms based on the average surface concentration of nitrogen presented 
on a) Linear scale and b) Logarithmic scale, for AC, SA and HIPSA samples after exposure to FBS 
solutions.
From the lowest concentration used up to 10% v/v FBS (the concentration at which 
critical protein saturation occurs) the experimental data for all three samples has been tested 
for its conformity to the Langmuir, Temkin, and Freundlich isotherms. The isotherm plots 
were fitted with a linear line and the least square regression values (R )^ were obtained. The 
least square values for the isotherms are compared in Table 4-5. Figure 4-15 shows the plots
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to test isotherm model conformity (as detailed in section 4.7) for Langmuir and Temkin 
models on the AC substrate.
Table 4-5. Comparison of the least square values (R ) for isotherms fitted to the Langmuir, 
Temkin, and Freundlich model isotherms.
for Langmuir for Freundlich R^  for Temkin
AC 1.0000 0.6300 0.8000
SA 0.9992 0.8600 0.9800
HIPSA 0.9998 0.8400 0.8400
1.2 
1.0 
0.8 
^ 0.6 
^  0.4 
0.2 
0.0
2.0 4.0 8.0 10.0 12.00.0 6.0
12.0
10.0
8.0
6.0
4.0
2.0 
0.0
-3.0 - 1.0- 11.0 -9.0 -7.0 -5.0 1.0 3.0
In c
Figure 4-15. Test for a) Langmuir isotherm conformity and b) Temkin isotherm conformity 
on the AC substrate.
As indicated by the values, the experimental data give a better fit to the Langmuir 
model than the Temkin model, with the Freundlich model a poor third. As previously stated, 
the assumptions of the Langmuir model state that the proteins are adsorbed on the Co-Cr-Mo 
ASTM-F75 alloy as a monolayer, all adsorption sites are equal, and the enthalpy of 
adsorption is constant.
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The Langmuir constants from equation 7 (see section 4.7) have been determined and 
are given in Table 4-6. The b (Eq. 4) constant is a dimensionless quantity which is indicative 
of the heat of adsorption and this can be taken as an indication of the strength of interaction 
between the FBS proteins and the Co-Cr-Mo ASTM-F75 substrates [36, 44]. The b value for 
the AC sample was found to be more than 30 times higher than that for the SA sample and 20 
times higher than for the HIPSA sample. The higher value of b seen for the AC sample would 
suggest that the rate of adsorption to the surface is greater than the rate of desorption from the 
surface when compared to the heat treated samples.
Table 4-6. Theoretically and experimentally derived values for b and Tm.
b Tm, formula value (at.%)
Fm, experimental value 
(at.%)
AC 481 9.8 10.2
SA 14.5 10.4 10.5
HIPSA 2T9 10.3 10.7
The experimentally derived values of maximum monolayer coverage (Tm) in Table 4- 
6 are in good agreement to those determined using the constants derived from the plots 
showing Langmuir conformity. The experimental Tm was calculated by averaging the N at% 
at monolayer coverage for each surface. This shows the applicability and accuracy of the 
Langmuir model to the experimental data and gives added confidence to its use in the 
description of protein adsorption to these three different surfaces.
The knee of the isotherms, shown in Figure 4-16, also gives a qualitative indication of 
the interaction energy Q between the protein and the substrate [45], related to the Langmuir 
constant b. The knee is much sharper in the isotherm representing protein uptake on the AC 
sample, consistent with the data for the constant b, Table 4-6. This data suggests that the 
bonds formed by the proteins present in FBS are stronger on an AC substrate than on heat 
treated ones.
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Figure 4-16. Expanded low concentration portion of adsorption isotherm showing 
differences in ‘knee’ shape between the three substrates.
4.9.3. Protein adsorption as studied using atomic force microscopy
AFM measurements have been carried out to determine whether or not similar alloys 
with different metallurgical histories exhibit differences in the protein adsorption. The AFM 
images are intended to provide qualitative information regarding protein adsorption and 
coverage for the three samples. The roughness average values, Ra, obtained from the AFM 
images provide a useful means of comparing the uptake of proteins on the sample surfaces.
Figure 4-17 shows three representative images of the clean surfaces for all three 
substrates. As can be seen, there are numerous fine polishing scratches present on the clean 
surfaces of all three samples. All three samples show a clean surface with no evidence of 
contaminant or residue from the polishing or cleaning processes. The AFM images of the 
clean sample surfaces will be used to qualitatively compare the sample surfaces before and 
after immersion in FBS solution
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Figure 4-17. Representative AFM scans of the a) AC sample b) SA sample c) HIPSA 
sample. (Seale: X, Y 0.2pm/div., Z 30nm/div.)
Roughness measurements of the above surfaces are presented in Table 4-7. These 
results are intended to be used as a reference point to compare to the substrates after protein 
adsorption. For the purposes of comparing the surface topography before and after adsorption 
it is important that the clean pre-adsorption surfaces all have a similar topography. Figure 4- 
17 and Table 4-7 both show conclusively that this is the case.
Table 4-7. Roughness measurements of the clean and polished samples of AC, SA, and 
HIPSA as determined by AFM analysis.
Sample Average roughness (Ra), nm o
AC 1.0 0.1
SA 1.0 0.1
HIPSA 1.1 0.1
Figure 4-18 shows representative surfaces after immersing the samples for 30 minutes 
in 0.0001% v/v FBS. These images show that not only has protein adsorption occurred but 
also that morphological differences from the pre adsorption substrates are evident even at the 
lowest FBS concentration used. At this concentration all three substrates show a similar
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topography characterised by an unevenly distributed population of proteinaceous aggregates, 
as indicated by the arrows in Figure 4-18. Figure 4-18 shows polishing scratches are still 
evident on the surfaces of all three substrates. The adsorption isotherm in Figure 4-14 b 
shows that the level of coverage developed for all three substrates at this FBS coneentration 
are similarly low. The AFM images for all three substrates shown in Figure 4-18 show 
sparsely adsorbed proteins with much of the surface of the substrate still visible which is in 
agreement with the adsorption isotherm in Figure 4-14 b.
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Figure 4-18. Representative AFM scans after 30 minutes immersion in 0.0001% v/v FBS on 
the a) AC sample b) SA sample c) HIPSA sample. (Scale: X, Y 0.2pm/div., Z 30nm/div.)
Figure 4-19 shows the surfaces of the three samples after immersion for 30 minutes in 
10% v/v FBS. As shown in Figure 4-14, at this concentration monolayer coverage is 
achieved. Figure 4-19 shows that the underlying AC substrate is now virtually obscured by a 
continuous proteinaceous layer. The topography shows that the adsorbed proteins have a 
globular shape. The SA sample topography shows that despite the polishing scratches still 
being evident a continuous protein layer has formed. The adsorbed proteins have been shown 
to be heterogeneous in size but globular in shape. The adsorbed protein layer of the HIPSA 
sample also has polishing scratches still evident. The adsorbed proteinaceous layer shows a 
very fine uniform overlayer.
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Figure 4-19. Representative AFM scans after 30 minutes immersion in 10% v/v FBS on the 
a) AC sample b) SA sample c) HIPSA sample. (Scale: X, Y 0.2pm/div., Z 30nm/div.)
Figure 4-20 shows AFM images of the three samples after immersion for 30 minutes 
in 100% v/v FBS. At this concentration level, Figure 4-14 suggests that monolayer coverage 
has formed on all three samples and further protein uptake no longer occurs. The polishing 
scratches seen on the bare pre-absorption surfaee of the AC sample are now completely 
obscured. Interestingly, the AC sample now begins to show a heterogeneous topography with 
large broad protein agglomerates amongst the finer uniform protein structures seen at lower 
FBS concentrations. The SA sample (Figure 4-20 b) shows two very distinct separate 
topographies; one shows a uniform area with small protein agglomerates, the other area 
shows significantly larger heterogeneous protein agglomerates. The HIPSA sample shows a 
predominantly uniform protein coverage interspersed with larger proteinaceous aggregates.
87-
mX 0.200 am/d
Z  30.000 nm/div
Figure 4-20. Representative AFM scans after 30 minutes immersion in 100% v/v FBS on the 
a) AC sample b) SA sample c) HIPSA sample. (Scale: X, Y 0.2pm/div., Z 30nm/div.)
Figure 4-21 shows how the surface roughness (Ra) changes as a function of FBS 
concentration. Using OriginPro a one-way analysis of variance (ANOVA) test was carried 
out to determine if there is a significant difference in the means of Ra for each of the three 
samples at a confidence level of 95%. The results of the ANOVA test showed that at p < 0.05 
there are statistically significant differences in the means of Ra for all three samples. A Tukey 
multiple comparison test was carried out in conjunction with the ANOVA test to determine 
which of the Ra means, for a given FBS concentration, are statistically different to one 
another. The Tukey analysis showed that, for all three samples, very few of the Ra means at a 
given FBS concentration are statistically different from one another at p < 0.05. This shows 
that no statistically significant conclusions are able to be drawn from Ra values in Figure 4- 
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Figure 4-21. Graph showing the variation of surface roughness (Ra) as a function of FBS 
concentration for the a) AC sample b) SA sample and C) HIPSA sample.
4.10 Contact angle measurements
Contact angle measurements using 100% FBS were taken using a Krüss Easydrop 
system to determine if there were any differences in the wettability of the three samples. The 
angle between the water-solid interface and the water-air interface determines how wettable a 
surface is [5]. As shown in Figure 4-22 and Table 4-8 all three surfaces have a relatively low 
average contact angle and therefore wettable, and can be considered high energy surfaces.
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Figure 4-22. Contact angle of a 100% FBS droplet on polished and cleaned AC surface.
Table 4-8. Table showing the average contact angle measurements for the three samples.
Sample Average contact angle (degrees) o
AC 51.1 1.6
SA 55^ 1.5
HIPSA 55^ 1.4
The data given in Table 4-8 represents an average of 5 measurements taken 30 
seconds after the droplet made contact with the surface. The lower contact angle seen on the 
AC substrates indicates that the AC surface is more wettable or hydrophilic than either of the 
two heat treated samples. Both the SA and HIPSA samples show nearly identical contact 
angle measurements. Surfaces which are highly wettable tend to adsorb proteins more 
efficiently [5, 46].
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4.11 Discussion
The uptake of FBS proteins onto three similar ASTM F-75 alloys has been studied as 
a function of FBS concentration. It should be noted that these observations should not be 
taken as an indication of the in vivo behaviour in biological fluids, as the measurements refer 
to dried surfaces. However the results are still representative of differences in the response to 
adsorption.
Both XPS and AFM have both shown that protein adsorption occurs on all three 
surfaces. Although the protein adsorption has been shown to be similar on all three alloys the 
analytical techniques used have shown subtle differences amongst them.
Firstly quantifying the XPS data for all three clean surfaces has shown that all 
samples are approximately the same in composition. Peak fitting of the high resolution 
spectra has however highlighted some subtle yet important differences. The AC Cr2p3/2 peak 
(shown in Figure 4-5 a) shows a much larger oxide than metal component compared to the 
SA and HIPSA substrates. The SA and HIPSA samples however both show a larger metallic 
component. This would suggest that the AC sample has a thicker passivating oxide layer 
than either of the two heat treated samples. The SA and HIPSA substrates both appear to 
have a similar oxide to metal ratio and so the thickness of the oxide layers for these two 
samples is likely to be similar. The reason for the differences in the thickness of the oxide 
layer might be explained by slight differences in the oxide composition of the samples. Post 
manufacturing thermal treatments and subsequent cooling of Co-Cr-Mo alloys produces a 
homogenous alloy in terms of its micro-structure and chemistry [47-48]. The AC 
sample, comparatively, would have slightly less Cr and C in its alpha matrix due to the higher 
overall carbide volume. These subtle differences in the amount of Cr and C could be 
significant enough to result in a difference in the oxide layer thickness. The larger passivating 
oxide layer seen in the AC sample provides the alloy with increased resistance to corrosion 
compared to the heat treated samples. It is widely known that for Co-Cr-Mo alloys, its 
corrosion resistance is derived from its chromium rich oxide layer [49-51]. As seen in Figure 
4-6, cobalt oxide is also present, which possibly contributes to the alloy’s corrosion 
resistance. The thickness/concentration of the cobalt oxide seems to be constant across all 
three samples. Some other XPS studies of the same ASTM F75 alloys have also suggested 
that there is a molybdenum oxide component present [46, 52-54].
Looking at the data in Tables 3 and 4 it can be seen that there has been significant 
protein uptake on all three surfaces. The variability seen within the data is relatively small 
which shows not only are the results are repeatable but also that the adsorption is occurring in 
a uniform manner. The adsorption isotherms in Figures 4-9, 4-10 and 4-11 show that as the 
concentration of FBS is increased protein uptake increases up to a point at which uptake no 
longer increases as a function of FBS concentration. This saturation indicates that the 
adsorption of proteins leads to the formation of a proteinaceous monolayer on the metallic 
substrates.
Figure 4-12 shows that even with monolayer coverage the chromium signal is present. 
This chromium attenuation plot indicates that the thickness of the adsorbed protein 
monolayer is less than the analysis depth of XPS which is considered to be approximately 
between 3 to 10 nm [40]. This therefore shows that the thickness of the adsorbed protein 
monolayer is less than lOnm.
The formation of a monolayer is indicative of chemisorption. The data for all three 
samples was tested against the Langmuir, Temkin and Freundlich isotherms, with the 
Langmuir isotherm consistently giving the best fit as shown in Table 4-5. One of the 
assumptions of the Langmuir isotherm which has already been discussed is that that all the 
adsorption sites of the substrate are equal. As the alloy is biphasic, made up of a soft alpha 
phase and a chromium rich carbide phase, the results imply that the adsorption of proteins is 
equivalent in the two regions of the surface.
Numerous authors have found that their experimental data for protein uptake have 
conformed to the Langmuir adsorption model [5, 25, 55-56]. Some authors doubt the 
applicability of the Langmuir isotherm model to protein adsorption. One of the most common 
arguments relates to the reversibility of adsorption process as studies have shown that protein 
adsorption is irreversible or exhibits hysteresis [7-8, 57]. Another is that the Langmuir model 
states that only one molecule can occupy one adsorption site. When considering that proteins 
are comparatively large molecules the likelihood of a single protein adsorbing to a single 
adsorption site is low. Nevertheless the classical Langmuir adsorption theory for gas 
adsorption can be applied and used to give an indication of adsorption affinity [9, 25].
Comparing the three adsorption isotherms shown in Figure 4-14 it can be seen that the 
heat treated samples have similar shapes and plateau levels, indicating that the maximum 
uptake of protein is similar for these substrates. The AC sample however shows some subtle
differences compared with the heat treated samples. At the lowest FBS concentration used all 
three samples have a similar level of coverage, approximately 13% of that corresponding to 
maximum coverage. As the FBS solution concentration is increased, the AC sample develops 
significantly higher levels of coverage than the heat treated samples. At a concentration of 
0.1% v/v FBS the AC sample has developed a coverage of 90% of that corresponding to 
maximum coverage. At that same concentration the SA and HIPSA substrates have 
developed a coverage of approximately 60% of that corresponding to maximum coverage. 
All three substrates do however achieve complete monolayer coverage at a concentration of 
10% v/v FBS. The benefit of employing a logarithmic scale when using large concentration 
ranges is clearly demonstrated as differences pre-monolayer coverage are not apparent when 
using the linear scale.
The Langmuir isotherm constants determined in Table 4-6 are indicative of the 
strength of interaction between the FBS proteins and the Co-Cr-Mo ASTM-F75 substrates. 
The b value for the AC sample was found to be some 30 times higher than that for the SA 
sample and approximately 20 times higher than for the HIPSA sample. This suggests that the 
bonds formed by the proteins present in FBS are stronger on an AC substrate rather than on 
heat treated substrates. The knee of the isotherms shown in Figure 4-16 gives an indication of 
the interaction energy Q between the protein and the substrate, related to the Langmuir 
constant b. As seen in Figure 4-16 the knee is much sharper in the isotherm, indicative of 
stronger protein/substrate interactions on the AC substrate. This gives further evidence that 
the interaction between the proteins and adsorption sites on the AC sample is stronger than 
those present between the proteins and adsorption sites on heat treated substrates. The knees 
on the SA and HIPSA have been shown to be very similar, indicating that the 
protein/substrate interactions are similar. It is interesting to note that the effect of HIP does 
not seem to significantly alter the level of coverage seen, or the interaction energy between 
the proteins and the heat treated substrates.
The use of AFM has allowed the imaging and development of proteinaceous 
structures on the three substrates to be studied. All cleaned substrates show no evidence of 
contamination and all show a similar surface topography and Ra value. The AFM images in 
Figures 4-17, 4-18, and 4-19 provide a qualitative means to study protein adsorption. The 
images show a gradual infilling of adsorption sites with proteins which eventually form a 
proteinaceous monolayer. As shown in Figure 4-18, protein adsorption at lower FBS solution 
concentrations is characterised by an unevenly distributed population of proteinaceous
aggregates for all three samples. As the FBS solution concentration is increased there are 
differences in the adsorption on the three samples. After immersion in 10% v/v FBS Figure 4- 
19 shows that at the AC and HIPSA substrates both have a similar topography characterised 
by a continuous proteinaceous layer with fine homogenous globular proteinaceous structures. 
The SA substrate shows a continuous protein layer has developed and that protein structures 
are heterogeneous in size. Finally after immersion in 100% v/v FBS further differences in the 
adsorbed protein monolayers are still evident. Figure 4-20 shows that the AC sample begins 
to show a heterogeneous topography with large broad protein agglomerates amongst the finer 
uniform protein structures seen at lower FBS concentrations. The SA sample shows two very 
distinct separate topographies; one area shows a uniform region with small protein 
agglomerates, the other shows significantly larger heterogeneous protein agglomerates. The 
HIPSA sample shows a predominantly uniform protein coverage interspersed with larger 
proteinaceous aggregates. The AFM images reflect what is seen in the adsorption isotherms 
in terms of coverage and gradual infilling of adsorption sites.
Statistical analysis of the quantified results presented in Figure 4-21 shows a large 
amount of variability and as a result no statistically significant conclusions are able to be 
made. One explanation for the variability seen in the results could be due to that fact the FBS 
is a multi-protein solution with numerous protein combinations and orientations possible. 
Another may be that the adsorbed proteins are able to adsorb and exist in a variety of 
different orientations or conformations on a given surface at a given FBS concentration.
The contact angle measurements show a small difference between the AC and the 
heat treated substrates, with the AC sample having a marginally higher energy surface. It is 
known that the surface roughness has a significant impact on contact angle measurements
[58], but as shown by the AFM roughness measurements of the clean substrates in Table 4-7 
all three surfaces have a near identical roughness. The results show a difference in the contact 
angle measurements between the three samples and suggest that there is a difference in the 
surface free energy between samples. As already mentioned more wettable surfaces (greater 
the surface energy) have been shown to adsorb proteins more efficiently. This result is in 
agreement with the adsorption isotherms which show that pre-monolayer coverage protein 
uptake is greater on the AC sample. Whether or not this accounts for the higher protein 
uptake seen on the AC sample is not clear but it does provide a plausible explanation for the 
results.
94
An explanation as to why there is a difference in the adsorption of proteins on three 
seemingly identical alloys could lie within the AFM results. The AFM data has shown that 
the conformations adopted by the adsorbed proteins on the three surfaces are all different. 
Changes in the observed protein conformation could reflect differences in the organisation of 
adsorbed protein films. It is therefore possible that the stronger protein/ substrate interactions 
are the result of the protein molecules orientating themselves in such a way that there are a 
higher number of protein binding sites parallel to the surface.
This experimental work has shown that the adsorption of proteins on three Co-Cr-Mo 
ASTM-F75 alloys - each with a near identical composition and surface finish - has been 
found to be influenced by post-manufacturing thermal treatments. The connection between 
the adsorption of proteins and the ultimate biological response to the implant has already 
been outlined in the literature review. Therefore it is reasonable to conclude that the way in 
which the alloy interacts and integrates with tissue may be different. The question as to which 
of the Co-Cr-Mo ASTM 75 alloys would achieve a superior tissue/implant interface would 
require further investigation.
Some studies [59-62] suggest that adsorbed proteins on the articulating surfaces of hip 
replacements act as a solid lubricant which is beneficial to the wear of the components. 
Higher levels of coverage and stronger protein/substrate interactions as seen on the AC 
sample would suggest that the adsorbed proteinaceous layer could be a contributing factor in 
the lower levels of wear seen by some in AC Co-Cr-Mo ASTM-F75 alloys (refer to chapter 
2 , section 2 .2 ).
Several studies have also shown that the adsorption of proteins could affect the 
corrosion of alloys [62-66]. Whether or not protein adsorption has a beneficial or detrimental 
effect on corrosion is debated. The influence of proteins is discussed further in Chapter 5 
section 5.4.1.
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4.12 Conclusions
The AC sample has been shown to have a thicker air formed chromium oxide layer 
than the heat treated substrates. All three samples were prepared in exactly the same manner 
as one another. The reason for the AC sample having a thicker oxide layer is not clear but 
could be due slight differences in the oxide composition due to differences in the 
micro structural homogeneity. This larger passivating oxide layer suggests that the AC sample 
has greater corrosion resistance.
The experimental data suggests that the application of post-manufacturing thermal 
treatments has an influence upon the adsorption of proteins on Co-Cr-Mo ASTM-F75 alloys. 
It is therefore possible that the way in which the three samples integrate with tissue are 
different. It also suggests that a different tissue/implant interface can be achieved on samples 
which are similar in composition and surface finish. The question of which of these alloys 
would achieve a superior tissue/implant interface will require further investigation.
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5 Corrosion and clinical performance of the 
BHR
5.1 Introduction
This chapter will report on the clinical wear results of a cohort of 8 BHR and 11 heat 
treated McMinn resurfacing pairs. In addition the articular surfaces of a large number of 
explanted BHR and heat treated McMinn implants whose provenance is less certain will be 
examined using SEM. The corrosion and degradation of the articulating surfaces will be 
investigated and compared. The overall aim of this chapter is to compare the in vivo 
performance of the heat treated McMinn resurfacings to the as cast (AC) BHR in order to 
give further insight into the wear and corrosion of the resurfacings.
This chapter begins with a detailed literature review describing known risk factors 
which can detrimentally affect the performance of the implant, leading to excessive wear, 
breakdown of the passivating oxide layer and ultimately failure. The clinical data will then be 
presented and compared to established theory and publications as well as clinical data from 
the several national joint registries; this will be followed by an examination of the articulating 
surfaces using SEM.
5.2 Risk factors
There are several factors known to detrimentally affect the clinical performance of hip 
resurfacing. As already mentioned, resurfacing is indicated primarily for use in younger, 
more active patients which brings with it increased risk of failure due to higher levels of 
activity. It is also well known that surgical experience with the specific resurfacing is also of 
critical importance to the outcome of the implant [1-2 ].
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5.2.1 Material
The importance of the alloy’s mierostrueture has been explored in Chapters 2 and 4, 
and will be briefly summarised in this chapter for completeness. The debate of what effect 
post manufacturing thermal treatments have upon the implant wear characteristics is one 
which has divided the orthopaedies community for many years. The argument comes down to 
whether or not the depletion of carbides seen after post manufacturing thermal treatments - 
such as solution annealing and hot isostatic pressing - has an effect upon implant wear. The 
position of those who advocate the use of as cast components is that the increased overall 
carbide volume bestows increased wear resistance to the implants. This is supported by the 
historical use of Co-Cr-Mo alloys in their AC form, published clinical and wear simulator 
results - not to mention unpublished in house testing. Those who dispute this do not have the 
historical use of heat treated Co-Cr-Mo alloys line of reasoning but rely solely on wear 
simulator results.
5.2.2 Clearance & lubrication
The clearance of a hip replacement is the difference between the radius of the femoral 
head and acetabular cup, see Figure 5-1. The difference between these two diameters 
describes the gap at the equatorial position of the bearing when the femoral head is in contact 
with the acetabular cup. The clearance between head and cup is considered a key parameter 
in controlling wear and is another topic which is the subject of much controversy.
Polar Radial Clearance = R2 - R1 
Figure 5-1. Illustration showing the polar radial clearance of the BHR [3].
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The clearances of 5 successful first generation MoM explanted prostheses was
examined by Tuke et al using a Series 211 RA 300/400 roundness machine [4]. The results
showed a range of clearances between 200 pm to 350 pm. McKellop et al found the
clearance in 21 explanted large diameter first generation MoMs to be between 127 pm and
386 pm [5]. In this study it was found that the wear rate tended to increase as the clearance
increased over the clearance ranges. Several hip simulator studies of contemporary
resurfacings have found that a reduction in the clearance can lead to the formation of fluid
film lubrication which can lead to reduced wear [6 -8]. However a reduction in the clearance
has also been associated with an increase in the frictional torque [4]. As detailed in Chapter 2,
the increased frictional torque was believed to be a contributing factor in the failure of the
first generation of hip resurfacings and drove the shift to the low frictional torque bearings of
metal on polymer resurfacings. There are a number of inherent issues with using hip
simulator studies - they are generally carried out using FBS with certain additives which is
thought to simulate synovial fluid. When the implant is first inserted the lubricating fluid is
blood which contains numerous macromolecules, the effects of which are not fully known.
Another significant issue is that cementless fixation of acetabular cups generally relies on
press fit fixation into the acetabulum. However, hip simulators do not take into account cup
deformation which occurs during surgery when impacting the acetabular cup into position.
Intraoperative measurements of BHR cup deflection have been reported at being in excess of
100 pm [8]. Press fit fixation leads to non-uniform compressive stresses and deformation
which can lead to equatorial contact, high frictional torque, and femoral head seizure. The
resulting micromotion (particularly soon after implantation) can prevent bony ingrowth into
the cup and can detrimentally impact long term fixation. A study reported by Kamali
investigated 6 BHRs with a diametral clearances between 80 and 306 pm in a hip friction
simulator to determine the relationship between friction factor, clearance and lubricating
medium. [8]. The components were tested in whole blood, clotted blood (which is more
physiologically relevant) as well as bovine serum. The results showed that the lubricant and
clearance both had a significant effect on the friction factor. When using bovine serum, the
friction factor slightly increased with increasing clearance. The results from using whole
blood and clotted blood showed a significantly higher friction factor at lower clearances.
Unlike the results from the bovine serum, the friction factor decreases as the clearance
increases. The use of lower clearance resurfacing systems may show lower initial wear but
run the risk of increased frictional torque and equatorial contact/ head cup seizure, both of
which are known to lead to component loosening.
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It is now generally aecepted that the low wear eharacteristics of some MoM bearings 
are the result of the lubrication regime that has developed [7]. This is in itself is not solely 
dependent upon clearance but also on the viscosity of the lubricating medium. Figure 5-2 
illustrates the movement of lubricant during the various phases of the gait cycle.
TOE OFF HEEL STRIKE TOE OFF
SWING PHASE STANCE PHASE
Figure 5-2. Illustration showing the gait cycle and the movement of the lubricant during the 
swing and stance phases [9].
The effect of different lubrication regimes upon the coefficient of friction is 
commonly illustrated using a Stribeck curve. This plots the coefficient of friction against the 
Sommerfield parameter (a product of viscosity, sliding speed, radius of the femoral head 
divided by the applied load) as shown in Figure 5-3. The initial portion of the curve shows 
boundary lubrication in which there is significant contact between the articulating surfaces. 
As the thickness of the lubricating film increases, the Stribeck curve moves into a mixed 
lubrication phase in which there is a combination of both boundary and fluid film lubrication. 
The load in the mixed lubrication phase is partially carried by the articulating surfaces and 
partially by the lubricating fluid, which results in a reduction in the coefficient of friction. 
Further increases to the lubricating film thickness eventually result in fluid film lubrication. 
In this lubrication regime the load is fully carried by the lubricating film and the articulating 
surfaces are separated by the lubricant [6 , 8 ].
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Figure 5-3. An idealised Stribeek curve indicating modes of lubrication, boundary 
lubrication (BL), mixed lubrication (ML), and fluid film lubrication (FFL) [8 ].
5.2.3 Head size
As shown in the equation above used to plot the x-axis of the Stribeck curve the 
femoral head size does have a role in the wear eharacteristics of the implant. Figure 5-4 
shows how the volumetric wear and femoral head size may be expected to vary with 
increasing femoral head diameter. Furthermore the figure shows how the different lubricating 
regimes are associated with wear.
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Figure 5-4. The effect of femoral head diameter upon lubrication and wear in MoM total hip 
replacements [6 ].
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Numerous papers have investigated the relationship between femoral head diameter 
and the wear/ performance. Daniel et al. compared the cobalt and chromium content of whole 
blood and urine after insertion of a 50 and 54 mm BHR to that of a patient with a 28 mm 
THR. This study found that the bearing diameter made no difference to the daily urinary 
output or whole blood levels of metal ions [10]. Both Langton et al. and Ziegler et al. found 
that patients receiving smaller sized resurfacing components had higher levels of metal ions 
in their blood [11-12]. Both studies also showed that the whole blood levels of metal ions 
were dependent on the inclination and antéversion of the acetabular component (discussed 
further in section 5.2.4) [11]. An in vitro study by Smith et al. found that the use of large 
diameter MoM bearings significantly reduced the wear rate [6 ]. Conversely, Clarke et al. 
found that larger sized MoM bearings produced higher cobalt and chromium blood plasma 
levels [13]. It should be noted that this study combined two resurfacing systems, the double 
heat treated Cormet 2000 and the as cast BHR, and analysed the blood plasma rather than the 
whole blood.
Clinical data from the Australian hip registry 2010 reports on a total of 13,307 
primary hip resurfacings. The cumulative failure rate of resurfacings based on size is shown 
in Figure 5-5 - head sizes < 44mm have more than 6 times the risk of revision when 
compared to head sizes > 55 mm.
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Figure 5-5. Cumulative Percent Revision of Primary Total Resurfacing Hip Replacement by 
Head Size (Primary Diagnosis osteoarthritis) [14].
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This effect accounts for the higher failure rate seen amongst female resurfacing 
patients. The smaller anatomy of most female patients means that components which are at 
higher risk of failure are inserted. When the data is adjusted to account for component head 
size, there is no significant difference between gender and the risk of revision. The Australian 
registry reports that there is no age related difference in the risk of revision for females, and is 
only associated with males, which is significantly higher from 65 years or older. The U.K. 
national registry shows there is an age related difference in the risk of revision for both male 
and female patients.
5.2.4 Cup position
The importance of optimal cup positioning to reduce wear, metal ion levels and the 
risk of other complications has recently been recognised. The established ideal cup position 
is considered to be between 35° to 45° in abduction (away from the bodies midline) and 
between 10° to 25° in antéversion (rotation towards the front of the body) [15].
Some investigators have suggested that high cup abduction (>45 °) and antéversion 
(>30 °) angles increase the risk of wear and metal ion release [16]. De Hann et al studied the 
relationship between metal ion serum levels and the acetabular cup inclination angle of 214 
patients [17]. Patients with a cup abduction angle of >55° were found to have significantly 
higher levels of metal ions in their blood. Patients with smaller sized components were found 
to be particularly at risk. These findings were attributed to a greater risk of edge loading. 
Edge loading occurs when an implant is improperly positioned which results in loading at the 
edge of the cup rather than on the upper or outer edge of the cup which leads to excessive 
wear [18-19]. Langton et al studied 76 resurfacing patients and found patients with a cup 
abduction angle of >45° had increased whole blood metal ion levels [11]. Hart et al 
conducted a similar study on 26 patients and identified a cup abduction angle threshold of 
50°. Below this threshold, the mean whole blood cobalt and chromium content was 1.6 ppb 
and 1.88 ppb respectively. Above this threshold, the mean blood cobalt and chromium 
content increased to 4.45 ppb and 4.3 ppb respectively [20]. Ziegler et al carried out a similar 
study and also identified cup abduction angles >50° lead to higher cobalt serum levels [12]. 
Isaac et al. conducted a multicenter study in which it was found that out of 77 patients 6  had 
abnormally high metal ion levels, 4 of which were attributable to a high abduction angle [21].
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5.2.5 Total hip replacement vs Resurfacing
Differences in the metal serum concentrations between THR and resurfacings have 
also been reported by some authors. The study by Ziegler et al mentioned above analysed 74 
patients with a THR and 111 patients with a BHR. It was found that the metal ion serum 
coneentration in those with a unilateral THR was lower than that with a BHR [12]. Similar 
studies by several authors have also found patients with a resurfacing have a greater exposure 
to systemic cobalt, chromium and molybdenum ions [13, 22]. In both these studies, this is 
attributed to the larger bearing diameter of the resurfacing. In contrast to these findings, 
Daniel et al found no statistical difference in patients’ urinary output or whole blood levels 
of cobalt and chromium at one year in patients with a BHR compared to those with a THR.
[10]. There is still no general consensus in this area as results from study to study show large 
variations; this can be attributed to differences in the type of specimens studied as well as to 
the techniques used.
All of the above risk factors are associated with increased levels of wear, and result in 
damage or removal of the passivating chromium oxide layer as well as inereasing the alloy’s 
susceptibility to corrosion.
5.3 Wear
Both retrieval studies [23] and simulator studies [4, 24-25] have shown that two 
phases of wear oceur during the life cycle of a resurfacing, and have shown an initial phase 
characterised by high levels of wear termed the bedding in or running in phase. Following 
this there is a subsequent phase characterised by low levels of wear termed steady state. The 
running in wear was reported by Anissian et al to be 2.22 mm  ^per million cycles (Me) for 
the first 700,000 cyeles which dropped to 1.00 mm^/Mc [25]. Vassiliou et al investigated the 
biphasic wear of 5 BHRs and reported an initial wear rate of 1.84mm^/Mc for the first 10^  
cycles. Between 1-3 Me the wear rate had reduced to 0.64mm^/Mc. Finally the wear rate 
dropped to 0.24mm^/Mc over the final 2 Me cycles. Friction tests suggested that boundary 
lubrication was occurring for the first Me, which changed to fluid film lubrication by 2 Me
[24].
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5.4 Corrosion
In all joint replacements irrespective of the material used, be it polymer, ceramic or 
metal, wear particles of various sizes are produced during the life of the implant. Corrosion 
and wear of metal on metal from arthroplasty devices results in the generation of both 
insoluble wear debris and soluble metallic debris; non soluble wear particles will also 
eventually corrode and produce soluble metal ions. The passive chromium oxide films 
formed on Co-Cr-Mo alloys provide them with a high degree of resistance to corrosion. The 
alloy in its passivated state is still subject to corrosion in a slow and uniform manner, 
resisting the thermodynamic tendency to dissolve. Breakdown of passive oxide due to wear 
or damage results in the generation of soluble metal ions produeed through a process of 
oxidative degradation. The underlying anodic reaction which occurs, resulting in the release 
of metal ions, is expressed by the equation;
M ^  M"  ^+ ne
where n is the valency of the metal. The anodic reaction produces free electrons which are 
subsequently consumed in an adjacent cathodic reaction. The type of cathodic reaction is 
dependent upon the corrosive environment, the most common of which are described below:
Oxygen reduction in acidic environment: O2 + 4H^ + 4e" 2 H2O
Oxygen reduction in neutral/ alkaline environment: O2 + 2 H2O + 4e’ 40H'
Water reduction: 2H2O + 2e' ^  H2 + 20H'
Hydrogen reduction: 2H^ + 2e" -> H2
The rate at which electron production occurs (the anodic process) must equal the rate of 
consumption by the cathodic process. The in vivo environment - due to the abundance of free 
chlorides, peroxides, proteins and pH, - poses a challenging environment for alloys in terms 
of corrosion resistance [8].
The types of in vivo corrosion which are known to occur include [26]:
109-
Pitting corrosion: A localised corrosion which results in the formation of cavities/holes 
which release significant amounts of metal ions. The cavity/hole occurs when there is a small 
part of the surface in which there is a discontinuity in the passivating oxide film such as a 
grain boundary triple point, second phase particles or inclusions. Rapid depletion of oxygen 
within the pit turns it into the net anode accompanied with rapid dissolution; the cathodic area 
can be anywhere outside the cell. The resulting positive charge within the pit leads to an 
influx of aggressive chloride ions to maintain charge balance. Once initiated, metal ion 
precipitates can form a film which covers the top of the pit. This produces an anaerobic 
environment in which repassivation is not possible
Crevice corrosion: A localised corrosion which occurs when a metal surface is partially 
shielded from the local environment. The stagnation of fluid within the ‘crevice’ causes the 
accumulation of aggressive ion species, depletion of oxygen, and a lowering in pH which 
leads to the formation of a corrosive environment.
Fretting corrosion: Another form of localised corrosion which occurs with the micromotion 
of articulating surfaces against one another which breaks down the passivating oxide later.
Tribocorrosion: Related to the wear resistance and corrosion resistance of an alloy. 
Tribocorrosion occurs when movement between articulating surfaces breaks down the 
passivating oxide film causing bursts of dissolution. The constant movement of the 
lubricating fluid prevents the build up of a corrosive environment and enables the 
repassivation of the oxide layer. This continuous cycle is repeated and as a result can cause 
significant release of metallic ions.
As previously mentioned wear can produce non soluble particles which themselves 
will corrode. Although these particles will produce a passivating oxide layer they subject to a 
very slow rate of dissolution. Their numbers and increased surface result in a significant net 
contribution to metal ion production [8].
There have been several published papers looking at the fretting and corrosion of 
explanted hip implants. To date there have been very few studies which have looked at the 
articulating surfaces for evidence of corrosion, and none specifically looking at large 
diameter MoM resurfacings. A recent wear simulator study by Heisel et al showed evidence 
of the formation of corrosion pits which were shown to cause carbide pull out and abrasive 
wear, see Figure 5-6 [27].
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Figure 5-6. a) Partially pulled-out carbide with a scrateh (arrow) originating from the defect, 
b) Scratch originating from an alumina-filled pit (arrow) [27].
Almost all studies have focused on the head/ neck and taper junctions of THR [28- 
31]. Hodgson et al. studied the degradation of Co-Cr-Mo ASTM F-75 THRs which were 
explanted from sheep after 8.5 months; clear evidence of wear and corrosion on portions of 
the femoral stem were found. This was evidenced by the presence of cracks and removal of 
particles, seen using light and electron microscopy [32]. A study of the stems and heads of 22 
retrieved THR implants by Mevellec et al. found evidence of deep pitting and etching on the 
cast Co-Cr-Mo femoral heads [33]. Evidence of corrosion was also seen on wrought Co base 
alloy as well as the Ti alloy neck. Their study found that the femoral head was more prone to 
corrosion and suggested that this was due to the heterogeneous microstructure which may 
have regions more susceptible to corrosion. Although this study found deep eorrosion pits, no 
images were published. Goldberg et al. studied 231 explanted modular hip prostheses [34]. 
Although the focus of this study was the head/ neck taper of THR, the study found the 
corrosion of cast Co-Cr-Mo heads to be more severe than wrought Co-Cr-Mo heads. 
Furthermore implants with longer in vivo times had more evidence of corrosion.
The corrosion ions generated by Co-Cr-Mo alloys are believed to be Cr^  ^ and Cr^ ,^ 
and Co^ ,^ [35-36]. Cr^  ^ is thought to be carcinogenic and 1000 times more toxic than C ^ \  
partially due to its ability to easily bind and enter the intraeellular region [36-38]. Fortunately 
Cr^  ^ is thought to be reduced to the less biologically active oxidative form, Cr^  ^ [35, 38].
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5.4.1 Influence of proteins
The protein adsorption on three high carbon ASTM F75 Co-Cr-Mo alloys has been 
explored in Chapter 4. The literature shows that there have been a number of studies 
evaluating the effect of protein adsorption on corrosion and metal ion release. Whether or not 
protein adsorption has a beneficial or detrimental effect on corrosion is still debated. 
Omanovic and Roscoe found that the adsorption of bovine serum albumin had a negative 
impact on the corrosion behaviour of steel [39]. The rate of dissolution was found to be 
influenced by the adsorption of negatively charged bovine albumin molecules which lead to 
an increase in charge transfer. Furthermore this study showed adsorption of bovine albumin 
was best described using a Langmuir adsorption isotherm. Clark and Williams studied the 
effect of adsorption of bovine serum albumin and fibrinogen corrosion on a series of pure 
metals [40]. Their work found that the corrosion rates of chromium were slightly affected, 
however the adsorption of protein inhibited the corrosion of molybdenum. Kocijan et al. 
showed that proteins can have a significant impact on the passivation of alloys [41]. It was 
suggested that the combination of metal ions and proteins can form complexing agents which 
suppress the formation of the passivating oxide layer. Yan et al. reported that although 
adsorbed proteins can lubricate the articulating surfaces these proteins can have a detrimental 
effect on corrosion [42].
5.4.2 Effect of post manufacturing thermal treatments on corrosion
Although the use of as cast Co-Cr-Mo alloys produces an alloy with superior strength 
and increased wear resistance, some authors have suggested that it has a detrimental effect 
upon the alloy’s corrosion resistance [43-45]. Georgette attributed this to the chemical and 
micro-structural homogenisation seen in heat treated parts producing a more stable and 
uniform oxide layer [43]. Krasicka-Cydzik et al. and Devine and Wulff both cited the 
increased corrosion resistance seen in heat treated or wrought Co-Cr-Mo alloys was due to 
the homogenisation of both mierostructure and chemistry [44-45]. Conversely Dobbs and 
Robertson found that there was no significant change in the corrosion resistance of cast Co- 
Cr-Mo alloys after solution treatment [46].
The chromium and molybdenum rich carbides create regions depleted of these 
elements in the areas immediately surrounding the carbides. This preferential leeching of
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chromium and molybdenum from the matrix into the carbide is known as sensitisation [47- 
48]. Figure 5-7 illustrates how a high volume fraction of large interdendritic carbides can 
produce chromium depleted regions that surround the carbide precipitates. The slow 
solidification process of AC alloys allows diffusion and incorporation of these beneficial 
elements into the carbide meaning that as cast alloys are particularly susceptible to localised 
corrosion in these areas, see Figure 5-7 b).
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Figure 5-7. Schematic diagram showing the retention of the composition gradient in the a 
matrix as the grain boundary precipitate grows, where B in the y-axis refers to the chromium 
content [49]
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A study by Placko et al. investigated what effect microstructure had on the corrosion 
of 4 heat treated Co-Cr-Mo samples [50]. Preferential pitting was seen to occur in regions 
adjacent to carbides as well as at grain boundaries. The preferential attack was attributed to 
chromium depletion in these regions. The corrosion was significant enough to cause some 
carbides to fall out.
5.5 BHR clinical performance
In order to understand the performance of the BHR it is important to benchmark how 
resurfacing performs as a class. The national Australian 2010 hip registry, reports on a total 
of 13,307 resurfacings of which 68.1% are BHRs. Statistics show that 83.7% of patients are 
men, 56.6% of patients are under the age of 55, and the primary indication for surgery is 
osteoarthritis 94.56%. The registry reports a cumulative revision rate for patients with a 
primary indication of osteoarthritis at nine years to be 7.2%. The main reasons for revision 
are fracture (35.6%), loosening/lysis (33.4%), infection (8.2%), metal sensitivity (7.1%) and 
pain (5.3%). The Australian registry is currently the only registry which splits the data by 
head size which has already been shown in Figure 5-5. Table 5-1 shows the yearly 
cumulative percent revision for several contemporary resurfacings.
Table 5-1. Yearly cumulative percent revision of primary total resurfacing hip replacement 
[14]. * denotes resurfacings which employ post manufacturing thermal treatments.
Resurfacing
system 1 Yr 3 Yrs 5 Yrs 7 Yrs 9 Yrs
ASR* 3.4 (2.5, 4.7) 6.1 (4.8, 7.7) 10.9 (8.7, 13.6) - -
Adept 0.6 (0.1, 2.2) 1.4 (0.5, 3.7) - - -
BHR 1.5 (1.3, 1.8) 2.5 (2.2,2.9) 3.5 (3.1, 4.0) 4.9 (4.4, 5.5) 6.2 (5.2, 7.4)
Cormet * 1.9 (0.9, 4.2) 4.8 (2.7, 8.4) 6.0 (3.5, 10.2) 12.8 (8.0, 20.1) -
Durom 3.3 (2.2, 4.8) 5.2 (3.8, 7.0) 7.6 (5.7, 10.0) _ -
Mitch 1.2 (0.6, 2.4) 2.1 (1.1,4.0) - - -
Recap 3.6 (1.6, 7.9) 6.0 (3.2, 11.4) - - -
The 2008 National Swedish hip registry reports on 1,325 primary hip resurfacing 
surgeries, of which 49% are BHRs. The registry reports a cumulative revision rate for all 
resurfacing patients to be 11% at 9 years. The registry shows the majority of patients are male 
and less than 50 years old. Female patients are shown to fare worse and although the registry
14
does not adjust for component size it is likely this is due to the known issues with smaller 
sized components. Adjusting for age, gender, side, bilaterality, diagnosis and incision the 
Swedish registry shows that the risk of revision (excluding infection) is increased 2.9 times 
than for resurfacings when compared with conventional THR (with or without cement). The 
registry stated that in general, resurfacing is associated with an increased risk of early 
revision. They are unable to pinpoint the reason for the increased risk but suggest that it could 
be related to the design of certain prostheses or related factors such as the design of the 
instrumentation and the training of individual surgeons.
The 2010 National Joint Registry for England and Wales reported that 4,099 
resurfacings were carried out in 2009 with the BHR being the market leader. Three times as 
many male patients had a resurfacing compared to female. The average patient age was 54.6 
years old and the primary indication for surgery was osteoarthritis in 96% of patients. For 
patients who received a resurfacing prosthesis the five year revision rate was 6.3%. As 
demonstrated by the other registries, age and gender significantly influenced revision rates. In 
male patients under 55 years of age, the five year revision rate was 5.6% for hip resurfacing 
whereas the five year revision rate for female patients older than 65 years was 8 .8%. Table 5- 
2  shows the yearly cumulative revision for several contemporary resurfacings.
Table 5-2. Yearly cumulative percent revision of primary total resurfacing hip replacements 
undertaken between April 2003 to 3E  ^December 2009 [51]. * denotes resurfacings which 
employ post manufacturing thermal treatments.
Resurfacing system No. of patients 3 Yrs 5 Yrs
ASR* 1599 6.9 (5.7, 8.5) 12.0 (9.3, 15.4)
Adept 1197 4.1 (2.8, 5.8) 5.0 (3.1, 8.0)
BHR 8213 3.2 (2.8,3.6) 4.3 (3.8,4.9)
Cormet * 2036 6.1 (5.0, 7.4) 10.0 (8.2, 12.1)
The use of resurfacings is shown to be in decline (also shown in the Australian and 
Swedish registry). The registry for England and Wales shows that this is mainly due to a 
tightening of patent selection criteria and a reduction in its use in elderly and female patients, 
which may also be the case in other registries.
To date there has been no large scale independent long term clinical study of the 
BHR. However, the early to mid term results which have been reported are encouraging.
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McMinn, from July 1997 until April 2005, has performed 2555 BHRs and reported an overall 
failure rate of 1.2% [52]. Other investigations include an independent multi-surgeon study by 
Back et al reporting a survival rate of 99.14% in their first 230 BHRs [53]. They reported a 
good range of motion and no radiolucent lines (indicating no loss in bone density and a sign 
of loosening) were evident in either the femoral or the acetabular components at three years 
post operatively in this study. De Smet et al also reported similar findings in 310 BHRs; 
radiological examination showed no evidence of loosening. Also noted in this study was 
restoration of leg length and a faster recovery period [54]. As there have been numerous 
papers published on the clinical results of the BHR, a summary of several of these has been 
provided below in Table 5-3.
Table 5-3. Summary of clinical investigations of the BHR.
Author(s) Title No. Survival/ Notes
Shimmin, A.J. and 
Back, D. [55]
Femoral neck fractures following Birmingham hip 
resurfacing: A national review of 50 cases 3497
50 fractures of the 
femoral neck
Itayem et al. [56]
Stability of the Birmingham hip resurfacing 
arthroplasty at two years : A radiostereophoto- 
grammetric analysis study
20
100% survival with no 
evidence of loosening at 
2 years
Treacy et al. [57] Birmingham hip resurfacing arthroplasty: A minimum follow up of five years. 144
98% and 99% for aseptic 
revision only.
Back et al. [53]
Early results o f primary Birmingham hip 
resurfacings - An independent prospective study of 
the first 230 hips
230 99.14% with a mean follow up o f 3 years
Daniel et al [58] Metal-on-metal resurfacing o f the hip in patients under the age of 55 years with osteoarthritis 403 99.74% at 5 years
Treacy et al [59] Birmingham hip resurfacing arthroplasty - A minimum follow up of ten years. 144
93.5% and 95.5% for 
aseptic revision only.
Heilpem et al. [60]
Birmingham hip resurfacing arthroplasty: A series 
of 110 consecutive hips with a minimum five-year 
clinical and radiological follow-up.
110 96.3% at 5 years
Hinge?a/. [61]
The results of primary Birmingham hip resurfacings 
at a mean of five years - An independent 
prospective review of the first 230 hips.
230 97.8% with a mean follow up of 5 years
Steffen et al. [62]
The five-year results of the Birmingham Hip 
Resurfacing arthroplasty: AN INDEPENDENT 
SERIES
610
97.9% at 1 year 
95.8% at 4 years 
95.1% at 7 years
Baker et al. [63]
A medium-term comparison of hybrid hip 
replacement and Birmingham hip resurfacing in 
active young patients
54 90.7% at 9 years
Daniel et al. [64] 9 -  Year results of Birmingham hip resurfacing in osteoarthritis 100 96% at 9 years
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Migration of components in vivo is considered as a reliable indicator of early failure 
for arthroplasties. An investigation into the migration of 20 BHRs carried out between 1999 
and 2000 was conducted by Itayem et al using radiostereophotogrammetric analysis (RSA)
[56]. RSA is a radiographic technique which uses small implanted (typically tantalum) 
markers to assess the migration of implants. The results showed little migration at two years. 
A similar study conducted by Glyn-Jones et al. studied the migration of 22 BHR femoral 
components [65]. Using RSA the total migration of the BHR femoral component was found 
to be approximately 0.2mm after two years. The level of migration seen in the BHR femoral 
components suggests the long term clinical outcome should be comparable to that of the 
THR.
Several studies have investigated the levels of metal ion in patients with a BHR. 
Daniel et al have been carrying out a series of investigations looking at the blood and urine 
metal ion levels in 26 active patients [66-67]. There was an initial peak of metal ion output at 
6 months for cobalt and 1 year for chromium. The urinary cobalt output then steadily 
decreased in the subsequent three years. A significant increase in the whole blood levels of 
cobalt and chromium was seen in the first year followed by a steady decrease [6 6 ]. In the 
follow up study the blood levels and urine output of cobalt and chromium continue to show a 
reducing trend at 6 years [67]. Ziegler et al found the blood serum metal ion levels of 111 
patients with a BHR were significantly higher than those of a cohort of 74 patients with a 
THR. The comparative larger diameter of a resurfacing head results in a greater systemic 
exposure of metal ions [12]. The analysis of metal ions in whole blood urine from patients 
with MoM bearings is a good indicator of the metal ion burden within patients [6 6 ] . 
However it should be remembered that the systemic exposure to metal ions is a dynamic 
balance between release and excretion. Variability in the patients’ metal ion threshold and 
rate of renal clearance can also make comparison of results problematic.
The results from the registries show the BHR to be the class leading resurfacing in 
terms of clinical outcome. The clinical studies also show excellent clinical results for the 
BHR and that it is performing well within the N.I.C.E. guidelines.
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5.6 Materials and methods
5.6.1 Clinical data
The clinical study will look at the wear results of 8 BHR pairs (both head and cup) 
and 11 heat treated McMinn resurfacing pairs. Components were selected at random and 
removed if there was evidence of edge loading. Collection and analysis of wear data from 
explanted BHRs and heat treated McMinn prostheses was carried out at Smith & Nephew’s 
Implant Development Centre in Leamington Spa.
All linear wear measurements were conducted using a Taylor-Hobson Talyrond 290 
roundness measuring machine. The linear wear is expressed as the maximum deviation from 
the measured points to an ideal circle.
Figure 5-8. Picture showing the Taylor-Hobson Talyrond 290 roundness machine.
5.6.2 SEM investigation
Electron microscopy was carried out on a FEl Quanta 600 ESEM equipped with an 
EDX detector. Imaging was carried out using both backscattered and secondary electron 
imaging (SEI) modes at an accelerating voltage of 20 kV and a working distance of 
approximately 10 mm. Analysis of the data using EDX was carried out using INCA software 
(Oxford Instruments, UK).
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Due to difficulties in imaging the articular surface of acetabular cups only femoral 
components were used. The articulating surfaces of explants were studied to look for 
evidence of wear and corrosion. Samples with an unknown patient history have been included 
in this investigation as the aim is to identify wear/ corrosion mechanisms occurring on the 
articulating surface, irrespective of whether or not the implant was edge loaded. Samples 
included 101 femoral BHR components and 27 heat treated femoral McMinn resurfacing 
components. Each sample was allowed to dry overnight (if necessary) and then the 
articulating surfaces were ultrasonically washed in detergent for 10 minutes to remove any 
debris. The sample surfaces were then washed with ethanol. The explants were then visually 
inspected to determine the location of the principal wear patch (PWP). A line was then drawn 
from the sample pole through the middle of the PWP to the sample equator. To ensure an 
extensive portion of the explant surface was analysed, five equal points, approximately 22.5° 
apart from the pole to the equator, were marked and analysed using SEM, see Figure 5-9.
1 1
5
b> i
Figure 5-9. Diagram showing the location points where SEM analysis was carried out on 
selected samples. Point 1 refers to the sample pole and point 5 refers to the sample equator, b) 
shows where these areas are located in vivo.
5.7 Results
5.7.1 BHR clinical data
The clinical data and linear wear results of the samples are shown below in Table 5-4 
and 5. Some of the clinical data is not available as the information was not provided by the 
hospital or surgeon.
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Table 5-6 shows that (where known) 29% of the patients who received a BHR were 
male compared to 8 6 % of the patients who received a heat treated McMinn resurfacing. As 
shown by the orthopaedic registries female patients tend to fare worse due to their often 
smaller anatomy and the issue regarding early failure of smaller sized prosthesis. This could 
partially skew the wear results in favour of the heat treated McMinn resurfacing.
Table 5-6. Percentage of male to female patients in the patient group.
M ale o r Fem ale {w here know n U nknow n
P art M ale (%) Fem ale (%) % o f sa m p le
BHR p air (n=7) 29 71 12
M cM inn resu rfac ing  pa ir (n=7) 86 14 36
Table 5-7 shows that (where known) the average age of the patients used in 
this study and the standard deviation. The average age of patients in this study receiving a 
BHR is nearly 8 years younger than those receiving the heat treated McMinn resurfacing. 
Furthermore the standard deviation is approximately three times greater for the BHR patients. 
The National Joint Registries have shown that both age and gender significantly influence the 
chance of revision. When comparing the wear results these contributing factors will have to 
be considered.
Table 5-7. Average age of patients receiving a BHR and the heat treated McMinn resurfacing 
in study.
P a tie n t ag e  (w h e re  know n) U nknow n
P art A verage a % of sa m p le
BHR pair (n=7) 54 10.69 12.5
M cM inn resu rfac ing  pa ir (n=5) 61.8 3.63 54.5
The linear wear results for the femoral head components are shown in Figure 5-10. 
The data shows that on average the heat treated McMinn resurfacing heads experience higher 
levels of wear; four in particular have very high levels of wear.
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Figure 5-10. Linear wear results for BHR and heat treated McMinn resurfacing femoral head 
components.
The linear wear results for the acetabular components are shown in Figure 5-11. The 
data shows that on average the heat treated McMinn acetabular cups experience higher levels 
of wear. Two of the heat treated McMinn acetabular cups have shown very high levels of 
wear.
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Figure 5-11. Linear wear results for BHR and heat treated McMinn acetabular cups.
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Figure 5-12 shows the linear head and cup wear results for both the BHR and for heat 
treated McMinn resurfacings. The results show that for both resurfacings the femoral head 
experiences greater wear than the acetabular components.
18
BHR head
16
BHR cup14
12
10
8
6
4
2
0
4.000.00 2.00 6.00 8.00 10.00
Time in-vivo (yrs)
60
McMinn
resurfacing head | |  
McMinn  
resurfacing cup
50
40
30
20
■  X
10
0
4.000.00 2.00 6.00 8.00 10.00 12.00
Time in-vivo (yrs)
Figure 5-12. Shows the linear wear for the head and cups for the BHR and for heat treated 
McMinn resurfacings.
The combined femoral head and acetabular cup linear wear results are shown in 
Figure 5-13. Four of the heat treated McMinn in particular have very high levels of wear. The 
data shows that on average the heat treated McMinn resurfacings experience higher levels of 
wear. However, four of the heat treated McMinn resurfacings with long in vivo times had 
similar linear wear results to the BHRs.
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Figure 5-13. Combined head and cup linear wear results for BHR and heat treated McMinn 
resurfacings.
A summary o f the linear wear data is shown in Table 5-8. The data shows that the linear 
wear for the heat treated McMinn resurfacing is higher than that for the AC BHR. Additionally there 
is significantly more variation in the results from the heat treated McMinn resurfacing.
Table 5-8. Summary of linear wear data from both resurfacing systems.
Combined wear (pm) Rate of wear (pm/yr) Time in vivo
Part Average a Average a Average a
BHR pair (n=8) 11.99 8.05 3.86 2.51 3.74 2.82
McMinn resurfacing 
(n=ll) 45.56 26.38 7.17 6.19 7.46 2.40
1 2 4 -
5.7.2 Electron microscopy of articulating surface
Numerous features were observed on the articulating surfaces of both the resurfacing 
systems. The images below are from the articulating surfaces of the BHR and heat treated 
McMinn resurfacing before implantation. The samples investigated in this portion of the 
study are of unknown origin and might not behave as a properly functioning resurfacing 
should. The results are intended to give insight into in vivo degradation and corrosion 
processes and could be thought of as a worst case scenario investigation.
Figure 5-14 shows two surfaces typical of a high carbon as cast Co-Cr-Mo alloy with 
large bloeky carbides and the another which has been double heat treated.
Figure 5-14. SEM images of a typical a) high carbon Co-Cr-Mo alloy with large bloeky 
carbides and b) a high carbon HIPSA Co-Cr-Mo alloy with smaller particulate carbides [6 8 ].
5.7.2.1 Corrosion
Localised pitting corrosion was evident on 40 of the 101 (40.4 %) retrieved as cast 
BHR femoral components examined. This compares to 8 out of the 27 (29.6 %) of the heat 
treated McMinn resurfacing femoral components which had evidence of corrosion on the 
articulating surface. The location of the pits in relation to the mierostructure varied 
significantly. Figure 5-15 shows the extent of the pitting corrosion seen on some of the 
articulating surfaces.
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Figure 5-15. SEM images of extensive corrosion pits occurring on the articulating surface of 
a) -  c) of AC BHR samples and d) and a heat treated McMinn resurfacing.
Pitting corrosion was also shown to occur in areas immediately surrounding the 
carbides, see Figure 5-16. Although this type of corrosion was seen in one of the heat treated 
McMinn resurfacings (Figure 5-16 d) ) it was more prevalent in the AC BHR resurfacings. 
As shown in Figure 5-16 some samples showed the pitting occurring preferentially on one 
side of the carbide. The reason for this is unclear and has not been reported in the literature to 
date. This could be due to a compositional heterogeneity surrounding the carbide which 
leaves some areas more susceptible to corrosion. Another explanation could be associated 
with the reciprocating motion between the articulating surfaces which might cause damage to 
the passivating layer on one side of the carbide.
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Figure 5-16. Corrosion pits occurring at the carbide/matrix boundary of AC BHR samples a) 
-  c) and d) in one heat treated MeMinn resurfacing.
EDX analysis was carried out to determine if a depletion of Cr in the surrounding 
region of the carbide as a result of sensitisation could be responsible for the pitting seen in 
regions adjacent to the carbides. Figure 5-17 shows the location of three spectra taken on 
surface of SA sample which was subsequently quantified. The areas analysed include one 
located in the matrix (spectrum 1), the second was adjacent to a carbide (spectrum 2 ), and the 
third was on a carbide. Quantification of the spectra taken from the regions shown in Figure 
5-17 are given in Table 5-9.
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Figure 5-17. SEM image of an SA sample showing regions analysed using EDX.
Table 5-9. Compositions as given using EDX of the regions shown in Figure 5-17.
Element Spectrum 1 (at. %) Spectrum 2 (at. %) Spectrum 3 (at. %)
CK 35.89 49.24 48.15
CrK 21.16 38.14 39J9
CoK 40.17 7.94 8.08
Mo L 2J8 4.68 4.37
As shown in Table 5-9, quantifieation of speetrum 1 shows high levels of Co and C in 
the alpha matrix. Quantified data from speetra 2 and 3 shows that areas adjaeent to the 
carbide and the carbide itself are enriched in Cr and C as expected and are similar in 
composition. Although chromium depletion due to sensitisation is not shown this could be 
due to the ~1 pm lateral resolution of EDX. Authors have reported that the chromium 
depleted region to be in the region of 20 nm [47-48]
Some of the corrosion pitting seen, although irregular in shape, shared some common 
characteristics. These irregular pits were seen to appear in clusters growing outwards and 
point towards a similar direction as shown in Figure 5-18. The reasons for this could be 
associated with the in-vivo orientation in combination with reciprocating motion between the 
articulating surfaces of the prosthesis. The fact that the pits seems to start from a single point 
could and grow outwards might suggest that the corrosive environment is maintained and 
progresses, in part, with gravity, or perhaps due to the relative motion between the
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articulating surfaces. Unfortunately due to a lack of information it is not possible to 
determine the component’s exact in-vivo orientation. Of the 40 AC BHR samples showing 
evidence of corrosion, 7 (17.5 %) of these had ‘irregular’ corrosion pits. The heated treated 
McMinn resurfacings samples with corrosion pits had 2 out of 8 (25.0 %) had an irregular 
morphology, as shown in Figure 5-18 d). The size of these types of pit are significantly larger 
than that seen previously.
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Figure 5-18. SEM images showing corrosion pits with an irregular morphology seen in a) -  
e) AC BHR explants and d) similar pits in a heat treat McMinn resurfacing.
Extensive pitting was seen in samples which had been subjected to both a relatively 
low and high number of cycles in a wear simulator, see Figure 5-19. Figure 5-19 a) shows the 
extent of the pitting seen in an AC BHR sample which has undergone five thousand and one 
million cycles. Figure 5-19 b) is a lower magnification image of a), the lighter (left) portion 
of b) is the area subjected to heavy corrosion. This shows that the corrosion process which 
produces these pits is prevalent in both in vivo and in vitro.
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Figure 5-19. a) and b) BHR wear simulator sample after 5000 cycles c) BHR wear simulator 
sample after 1,000,000 cycles and d) beat treated MeMinn resurfacing after 1,000,000 cycles.
5.1.12 Location of corrosion pits
Figure 5-20 shows the location of the 5 areas analysed using SEM on the explant 
surface (see Figure 5-9) as well as how long the explants had been in-situ. Corrosion pits first 
become evident in samples with an in vivo time greater than six months in area three which 
would roughly equate to the in vivo pole. In the first year in vivo corrosion is primarily seen 
in location three. Even after this relatively short time in vivo corrosion can be seen to occur in 
multiple areas on the same sample. As time in vivo increase the pitting is seen to spread 
across the surface and occur numerous locations. It is interesting to note that none of the heat 
treated McMinn resurfacings had corrosion pits occurring in locations 4 or 5.
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Figure 5-20. Location of corrosion pits seen vs time in vivo.
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S.7.2.3 Inclusions
SEM revealed that both resurfacing systems had what appeared to be inclusions which 
had an angular morphology and were dark in appearance, see Figure 5-21. EDX analysis 
revealed these to be predominately rich in Ti, although some were also rich in Al. The origin 
of these inclusions is likely to be from the manufacturing process, rather than from the 
surgical tools used during implantation or removal. There was no evidence of corrosion 
surrounding any of the Ti rich inclusions.
I
Figure 5-21. SEM images showing Ti rich inclusions.
Some of the inclusions were found to be rich on both Ti and Al as shown by the EDX 
spectra given in Figure 5-22 b).
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Figure 5-22. a) SEM image showing a Ti and Al rich inclusion, b) EDX spectra of inclusion.
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Figure 5-24 shows one sample which was found to have an aluminium rich inclusion 
which resulted in significant damage/corrosion consistent with that seen by Heisel e/ al [27].
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Figure 5-23. a) SEM images showing the corrosion surrounding an Al rich inclusion, b) EDX 
image of Al rich inclusion shown in a), and c) EDX spectra of the centre of the pit shown in 
a).
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S.7.2.4 Plastic deformation (twinning)
Significant plastic deformation and damage to carbides was seen on some samples. 
The plastic deformation suggests that prior to failure the fluid film lubrication had broken 
down between the articulating surfaces. The result was significant contact between the 
articulating surfaces which resulted in deformation and strain induced phase transformations.
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Figure 5-24. SEM images showing plastic deformation on the articular surfaces of explanted 
resurfacings.
1 3 4 -
S.7.2.5 Carbides
Significant damage to the carbide phase was evident in a small number of samples of 
both resurfacing systems, see Figure 5-25. Damage to the carbide phase resulting in the 
production of a third body can lead to further damage to the articulating surface. Figure 5-25 
c) shows an SEM image of a heat treated McMinn resurfacing with what appears to be 
abrasive third body damage as a result of removal of part of the carbide phase (see red 
arrows).
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Figure 5-25. SEM images showing damage to carbide phase resulting in portion of carbide 
being removed from the matrix, a) and b) show an AC BHR whereas c) and d) show a heat 
treated McMinn resurfacing.
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5.8 Discussion
A straightforward comparison of the clinical wear results is not possible as there are 
significant disparities in the patient populations. The BHR patient data given in Table 5-4 
shows that 5 out of the 8 retrievals were sized <44mm which, as shown in the Australian 
registry, suffer from a higher failure rate. Conversely the heat treated McMinn resurfacing 
patient data set shown in Table 5-5 shows that only 2 of the 11 retrievals were sized <44mm. 
This disparity would suggest that the BHR wear results in this data set should be worse than 
those for the heat treated McMinn resurfacings. Where known, the average age of the patients 
who received a BHR in this study was 54 compared to 61.8 for the heat treated McMinn 
resurfacings. The Australian registry shows that for males, there is an age related difference 
in the risk of revision. On the other hand, the U.K. registry shows that both older male and 
female resurfacing patients suffer an increased risk of revision. However, in terms of wear 
hip implants in patients with a higher level of physical activity are likely to have increased 
levels of wear [69]. Schmalzried et al. has shown that patients less than 60 years old walk 
30% more on average than patients over 60 [69]. The difference in age between the two 
patient populations would suggest that the BHR resurfacings could be at a disadvantage due 
to (where known) the lower average age of the patients. Despite this the wear results for the 
BHR, given in Table 5-8 show that the BHR components have experienced lower levels of 
linear wear. The reasons for revision are also another confounding factor in these results, and 
are detailed in Tables 5-4 and 5-5.
Table 5-5 shows that a high proportion of the heat treated McMinn resurfacings 
revisions do not have information indicating the reason for revision. Furthermore 5 of the 
BHR revisions were carried out for reasons which were not associated with the performance 
of the resurfacing (3 infections and 2 issues with metal sensitivity). These specific 5 revisions 
are more likely to have been performing well prior to revision. Furthermore the reason for 
revision may not have been associated with the implant. Lastly the differences in the time in 
vivo between the clinical data for the two resurfacing systems should be considered. The 
average time in vivo for patients with a BHR pair is 3.74 years and 7.46 for the McMinn heat 
treated pairs. The early, mid and long term clinical results of the BHR have been reported by 
both Treacy et al. [59] Daniel et al. [64] and both the U.K. and Australian Joint Registries. 
Only 2 of the 8 BHR samples had an in vivo time of longer than 5 years, whereas 10 of the 11
heat treated McMinn resurfacings had an in vivo time of longer than 5 years. The reported
_ _ _
BHR results are early whereas the reported heat treated McMinn resurfacings results are mid 
to long term. The issues associated with the heat treated McMinn resurfacings did not 
become apparent until five years post operatively [70].
The results for the individual head, cup and combined wear show that the BHR is 
subject to lower levels of wear than the heat treated McMinn resurfacings. The rate of wear 
for the heat treated McMinn resurfacing (7.17 pm/yr.) was nearly double that of the BHR 
(3.86 pm/yr.). If the linear wear rate results were to be considered without the associated risk 
faetors detailed in 5.2 which have been shown to affect wear, the results would suggest that 
the BHR is generally subjected to lower levels of wear. However, the literature shows that 
these factors cannot be ignored. This is an inherent issue when using small, incomplete 
sample numbers of clinical data. Four of the heat treated McMinn resurfacings have shown 
high levels of linear wear (samples 9, 10, 16 and 19, see Table 5-5). Conversely four of the 
heat treated McMinn resurfacings with long in vivo times had similar linear wear results than 
the BHRs (samples 12, 14, 17 and 18, see Table 5-5). The reasons for the differences seen in 
the linear wear results for the heat treated McMinn resurfacing are likely to be multi factorial, 
see section 5.2. It should also be remembered that some of the McMinn resurfacings were 
subject to a single heat treatment and some to a double heat treatment. The scatter seen in the 
linear wear measurements of the heat treated McMinn resurfacings could therefore be a result 
of greater variation in the overall carbide volume fraction. What can be seen from these 
results is that for some patients, the heat treated McMinn resurfacings perform well. The 
reason as to why these retrievals experienced low levels of wear is unknown. Unfortunately 
there are too many factors involved when comparing these clinical results (particularly with 
incomplete data and a small sample set) to determine if the heat treated samples are subjected 
to higher levels of wear than AC parts.
Significant amounts of localised corrosion have been seen on the articulating femoral 
head surfaces of both resurfacing systems. Evidence of corrosion was seen on 40.4% of the 
retrieved as cast BHRs whereas 29.6% of the heat treated McMinn resurfacings showed 
evidence of localised corrosion. When present, the extent of the corrosion pitting was 
generally higher in the as cast BHRs. The reason for the apparent increased corrosion 
resistance of the heat treated McMinn resurfacings is unclear but could be due to the micro- 
structural and chemical surface homogeneity as reported by several authors [43-45]. A study 
by McKellop et al looked at the in vivo wear of 3 types of historically used MoM THRs [5]. 
No evidence of corrosion was reported in their study which included 12 McKee-Farrar and 2
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Ring THRs with an in vivo time between 1 and 25 years. As discussed in Chapter 2 these 
were the large diameter MoM THRs which had an as cast microstructure and the reason why 
the BHR is manufactured as cast. Howie et «/. studied 24 retrieved MeKee-Farrar THRs with 
an average time in vivo of 16 years, with a range of 9 to 25 years [71]. Using SEM this study 
reported no evidence of corrosive wear. The absence of corrosion pits is interesting as it 
suggests that these historical THRs are not prone to this form of localised attack. Why this 
would be is unclear.
The location of the corrosion pits has been shown to occur in areas ranging from the 
pole of the resurfacing to its equator. Corrosion pits first became evident after 6 months in 
vivo in area 3. As time in vivo increases it can be seen that corrosion pits become evident in 
other parts of the articulating surface with numerous retrievals showing pitting in multiple 
areas. It was observed that areas 2 and 3 have the highest occurrence of pitting. In vivo, these 
areas would correspond to most polar part of the formal head, see Figure 5-9 b). Elson and 
Chamley found that the PWP was generally inclined approximately 10-15° from the vertical 
towards the midline of the body [72]. With increasing time in vivo the wear patch grows out 
radially out from the PWP. If the location of the wear patches do coincide with principal wear 
patch as the results hint towards; this may indicate that the observed pits, are in part, the 
result of mechanically assisted proeess. Results show little difference in the location of the 
pits for the BHR and heat treated McMinn resurfacings.
Corrosion pitting was seen in areas adjacent to the carbides as shown in Figure 5-16. 
This localised attack was far more prevalent and extensive in the as cast BHRs. The 
decreased corrosion resistance evident in these regions is likely to be as a result of chromium 
and molybdenum due to sensitisation. EDX analysis was carried out to determine if there was 
a depletion of chromium was present in areas adjacent to the carbides which would account 
for the observed pitting. Table 5-9 show that there was no observed depletion of chromium in 
areas adjacent to the carbide. In fact the composition of areas adjacent to the carbide was 
virtually identical to that of the carbide itself. Although chromium depletion due to 
sensitisation is not shown this could be due to the ~I pm lateral resolution of EDX. Authors 
have reported the chromium depleted region to be in the region of 20 nm [47-48].
Pitting occurring preferentially on one side of the carbide was also observed as shown 
in Figure 5-16 a) and b). This might be due to a compositional heterogeneity surrounding the 
carbide which leaves some areas more susceptible to corrosion. Another explanation could be
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associated with the reciprocating motion between the articulating surfaces which might cause 
damage to the passivating layer on one side of the carbide.
The corrosion pits shown in Figure 5-18 are typified by an irregular morphology and 
appear to be significantly larger and deeper than the pits seen so far. These types of pits have 
not been reported in literature to date. These pits always occur in clusters and seem to grow 
from a single point outwards. This could be due to the corrosive environment within the pit 
being maintained and progressing, in part, with the help of gravity, or perhaps due to the 
relative motion between the articulating surfaces. Figure 5-18 c) shows that the extent of 
these types of pits can be very severe with the removal of significant amounts of the 
articulating surface. Unfortunately due to a lack of information it is not possible to determine 
the components exact in-vivo orientation.
Although only a small number of wear simulator samples were studied and only at 
two points in time, it was evident that the corrosion pits were produced under in vitro testing. 
The fact that corrosion pits seen in explanted hip resurfacings are also seen in resurfacings 
from wear simulators suggests that the mechanism and/or environment which produce these 
pits is replicated during in vitro testing. Despite the differences between in vivo and in vitro 
conditions the wear and corrosion morphology has been shown to be very similar. The fact 
that these pits were shown to occur after only 5,000 cycles in the wear simulator is very 
surprising. One million cycles is considered to represent the number of cycles a hip 
articulates in one year [73]. It should be noted that some authors argue that this number is not 
representative for the young and active resurfacing patient group. Schmalzried et al reported 
on 111 patients who had undergone at least one total hip or knee replacement and found that 
patients <60 years old walked 30% more than patients >60 years of age [69]. One patient in 
the study subjected their prosthesis to an average of 3.2 million cycles per year. A similar 
study by Wallbridge and Dowson found that the average number of cycles per year was 1.45 
million and the highest was 2.1 million cycles per year [74]. Nonetheless pitting only became 
evident in explanted samples after 6 months in vivo (see Figure 5-20) whereas extensive 
pitting was seen after 5000 cycles in vitro. This suggests that wear simulators create a more 
aggressive or corrosive environment. The fact that pitting was seen at both 5000 cycles and 
1 million cycles shows that the corrosion is an ongoing process and that the passive oxide 
layer is not repassivating in these localised regions.
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Several inclusions were seen on the surfaces of both explanted resurfacing systems; 
see Figures 5-22 through to 5-25. These inclusions were generally Ti rich although some 
were rich in both Ti and Al. One of the heat treated McMinn resurfacings was show to have 
an Al rich inclusion confirmed using EDX Error! Reference source not found.. The coupling 
of dissimilar metals can lead to galvanic corrosion. The Al rich inclusion shown in Error! 
Reference source not found, resulted in degradation and corrosion of the surrounding area. 
Interestingly none of the Ti or Ti-Al inclusions showed any evidence of corrosion. This is 
likely to be due to Al being less noble than the matrix causing the inclusion to corrode, 
whereas Ti is more noble than the matrix and as a result corrosion occurs within the matrix 
[75]. The source of the Ti rich inclusions could not be verified although possibilities might 
include manufacturing or could even have occurred after the implant was removed.
Plastic deformation and damage to carbides was seen on some sample surfaces, see 
Figure 5-24. The deformation was generally over a large area. This type of damage was 
evident on 8 (7.9%) of the BHR samples and on 1 (3.7%) of heat treated McMinn 
resurfacings. Samples which showed evidence of plastic deformation over a relatively small 
or narrow area such as that shown in Figure 5-24 a) could have been caused during or after 
the extraction of the implant. The finding suggests that prior to failure the fluid film 
lubrication had broken down resulting in deformation and strain induced transformations 
caused by contact between the articulating surfaces. Strain induced changes can cause 
changes to the crystallography from a metastable state at room temperature. Co-Cr-Mo alloys 
are predominately face-centred-cubic (FCC) alloys [8 ]. A phase change from FCC to 
hexagonal close-packed (HCP) can be induced dynamically during plastic deformation 
occurring during machining, finishing and in vivo articulation [8 , 76-77]. Salinas-Rodriguez 
found that strain induced phase transformations of solution annealed Co-Cr-Mo alloys were 
inhibited with a carbon content >0.05 wt% [77]. This was associated to the size, morphology 
and distribution of the carbide phase. Varano et al. observed evidence of twinning and 
fracture lines perpendicular to the direction of motion in both a series of Co-Cr-Mo alloys 
including an as cast alloy similar to that used for the BHR (ASTM F75), see Figure 5-26 [76]. 
This study also found that increasing the amount of dissolved carbon in the matrix prevented 
strain induced transformations to an HCP strueture. Varano et al. went on to suggest that the 
lower levels of wear seen in high carbon Co-Cr-Mo alloys might be due to the FCC 
stabilising effect of carbon and that therefore wear followed a deformation controlled 
mechanism. If wear followed a deformation controlled mechanism a difference in the matrix
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content of carbon content could be responsible for differences seen between as cast and heat 
treated resurfacings.
lO.OkV xIOtKJ lOum
Figure 5-26. SEM image of wear zone showing evidence of twinning (labelled T) and 
fracture lines (labelled FL) perpendicular to the direction of motion [76].
As the heat treated MeMinn resurfacing is more homogenised in terms of its 
composition and therefore should have a greater carbon content within the matrix. This could 
be why less instances of strain induced transformations and twinning have been noted in the 
AC BHR retrievals.
Damage to the carbide phase was seen on both resurfacing systems, see Figure 5-25. 
Damage, be it corrosive or mechanical - which results in partial or total carbide pull out - can 
have a detrimental effect on wear. Some authors have reported carbides being totally 
removed from the metal matrix [6 8 , 78]. This was however not seen in any of the samples 
including those in which corrosion was taking place adjaeent to the carbides. Figure 5-25 
shows the worst cases of carbide damage found on both resurfacing systems. Figure 5-25 a) 
and b) show damaged carbides on the surface of an explanted BHR whieh has resulted in 
portions of the carbide being removed. Figure 5-25 c) and d) show that carbides from the heat 
treated McMinn resurfacings are also susceptible to damage to or pull out. The red arrows in 
Figure 5-25 c) show damage which might be the result of abrasive wear from removed 
portions of the carbide phase. As indicated by the red arrows in Figure 5-25 c) these third 
body particles can go on to cause abrasive wear having a detrimental effect on the wear of the 
prosthesis. A study by Varano et al. showed that the carbide on carbide contact resulted in
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cracking, fracture and pull out causing third body wear [76]. The results from this study 
showed that the alloy with the highest carbide volume fraction and largest carbides had most 
carbide damaged with some being removed. Despite this, the as cast Co-Cr-Mo alloy showed 
the lowest wear of the seven different Co-Cr-Mo alloys.
The reported analysis of retrieved resurfacings is only half of the picture as the 
acetabular cups were not investigated due to difficulty in imaging them in the SEM. The 
reported occurrence of corrosion of the articulating surfaces is also likely to be higher as only 
a relatively small portion of the articulating surface has been studied. Also these retrieved 
prostheses have had to be removed and are likely to be performing sub-optimally due to 
reasons such as loosening and edge loading. It is possible that much of the corrosion and 
degradation on seen articulating surfaces are due to reasons which otherwise would not be 
expected to occur in a well inserted and performing prosthesis. Despite this, pitting was seen 
to occur on the articulating surfaces of BHR resurfacings after wear simulator tests. However, 
numerous studies have reported higher levels of wear in thermally treated parts. The 
generation of a larger number of wear particles increases the surface area susceptible to 
corrosion.
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5.9 Conclusions
Based on the incomplete and rather small number of clinical results in this study it has 
not been possible to draw any real conclusions as to whether or not the heat treated McMinn 
resurfacing have a higher wear rate than the as cast BHR. This is due to the numerous 
complex and multi-factorial interactions associated with the clinical performance of 
resurfacings. Data from the Australian Joint Registry and some of the larger clinical 
investigations detailed in the literature review have shown that the BHR continues to perform 
better than the heat treated McMinn resurfacings.
Pitting corrosion has been shown to occur on both the thermally treated McMinn and 
as cast BHR resurfacing systems. The extent of pitting corrosion seen on the articulating 
surface of the thermally heat treated McMinn resurfacing is less than that seen on the as cast 
BHR. This could be due to the micro-structural and chemical homogeneity of thermally heat 
treated parts. Areas adjacent to carbides have been shown to be particularly susceptible to 
pitting which could be due to sensitisation. Despite the higher prevalence of pitting seen in 
the AC BHR the reported clinieal results significantly better than the heat treated McMinn 
resurfacing. This would suggest the occurrence of pitting on the articulating surface does not 
significantly affect the clinical success of a resurfacing.
Pitting corrosion is not localised to one specific area on the resurfacing, and has been 
shown to occur from approximately 6  months in vivo. Repassivation of the surface does not 
seem to occur in these localised regions. Results show that with increasing time in vivo 
pitting is seen to occur in multiple areas giving further credence to the conclusions that 
repassivation does not occur. If, as the results suggest, the location of the wear patches do 
coincide with principal wear patch this may indicate that the observed pits, are in part, the 
result of mechanically assisted process.
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6 ToF-SIMS study into the cellular uptake of 
metallic ions
6.0 Introduction
The previous chapter, which assessed the in vivo performance of the BHR, showed 
that pitting corrosion of the articulating surfaces does occur. It should be noted that this is not 
only limited to the BHR, but has been documented in many other metallic hip arthroplasties. 
This chapter follows on from the work in Chapter 5 and investigates the cellular uptake of 
metallic ions that may originate from the wear and corrosion of implants.
Imaging techniques which explore cellular and tissue response to various drugs and 
stimuli provide a critical insight into the fundamental nature of cellular metabolism, 
physiology and function. The ability to identify, localise and quantify elements and complex 
molecules is a key attribute to achieve this. In this chapter ToF-SIMS has been used to 
investigate the cellular uptake of metallic ions within human G292 osteosarcoma cells.
This chapter will cover all aspects of the work from the development of a sample 
preparation protocol through to the quantification of final data. It is hoped that this work will 
be able to give insight into the following questions which are important in the development of 
both the technique and understanding of the biomaterial aspects:
• Do metallic ions enter the cell or do they act/ bind to the membrane?
• Is there a preferential cellular uptake of either Cr or Co?
• Is there a concentration or time dependence of uptake?
• Can the uptake of such ions be spatially resolved within the cell?
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As already covered in Chapter 5, patients with metal on metal hip arthroplasties 
commonly have elevated metal ions in their blood and urine. The effects have yet to be 
determined and with the resurgence of metal on metal articulations it is important to be able 
to assess what the loeal and/or systemic effects may be.
ToF-SIMS has been used to study the cellular uptake of Cr^  ^ and Co^  ^ ions, and is 
particularly suited to this work as it enables identification and localisation of chemical 
elements and complex molecules. ToF-SIMS is an extremely surface sensitive technique (in 
the ppm-ppb range for elemental ions in the outer few nm) which operates within a high 
vacuum (<10'^mbar). The technique ideally operates in the static regime (<10^  ^ primary 
ions/cm^, defined as sampling equal to or less than 1% of the first monolayer) which 
minimises surface damage [1]. Another benefit of ToF-SIMS is that unlike many other 
biological imaging or analytical techniques, there is no need for labelling of the elements or 
molecules of interest. ToF-SIMS does however present numerous challenges in terms of 
sample preparation, analysis, and data interpretation.
6.1 Elevated metal ion levels after metal on metal hip arthroplasty
The long term effects of elevated systemic metal particulates and ions has often been 
cited as a cause for concern [2]. The result of wear and corrosion of metallic hip 
replacements is the production of both insoluble metal particles and soluble metal ions [3-4]. 
With the resurgence of metal on metal articulations - and particularly their advocacy in young 
patients - there is potential amongst this patient population for prolonged periods of metal ion 
exposure both locally and systemically.
Insoluble metal particulates range in size from tens of nanometers to millimetres and 
generally collect in the synovial fluid or are deposited in periarticular regions. Local effects 
include the release of inflammatory cytokines due to phagocytosis of the metal particulates 
by macrophages and giant cells which can cause wear induced osteolysis [5]. Phagocytosed 
particulates are then disseminated to the lymph nodes and reticuloendothelial organs such as 
the liver and spleen [3]. Urban et al found that in patients who had undergone hip or knee 
replacement, metallic wear debris disseminated beyond the periarticular region to the liver, 
spleen and abdominal lymph nodes [6]. This study found that wear particles in the liver or 
spleen were more prevalent in patients who had undergone a revision due to the mechanical
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failure of a device. Although this study found that there were generally low concentrations of 
particles in the liver and spleen, one patient was found to have granulomas forming in the 
liver, spleen and abdominal lymph nodes.
Soluble metal particulates are generally bound (specifically or non specifically) to 
serum proteins [4]. These protein bound metal ions are known to be cleared into the blood 
stream and to disseminate into surrounding tissues and remote organs. The metal ions are 
then subsequently excreted in urine [3-4]. The cobalt and chromium urinary output has been 
shown to vary in patients over time [3,7]. Over 6 years Daniel et al collected blood and urine 
specimens from 26 patients who had undergone a BHR [7]. In this study it was found that the 
urinary output of cobalt and chromium increased steadily and peaked at 6 months and 1 year 
respectively. Subsequently there was a steady decrease in the cobalt and chromium levels 
which continued until six years. The analysis of whole blood similarly showed an initial 
increase followed by reducing trend. The steady increase and peak in both metal excretion 
and whole blood was attributed to the one million cycles of run-in phase found in both 
simulators and explants studies [8-9]. Brodner et al conducted a study of 100 patients, 50 of 
whom had a metal on metal THR, over a five year period [10]. The serum cobalt levels were 
found to be Ipg/L and 0.7pg/L at one year and five years respectively. Unlike other studies 
showing an increase in metal serum concentration during a run-in phase, the median cobalt 
serum concentration was found to remain constant from three months onward. This is not to 
say that there was no run-in phase occurring, but that the metal serum concentrations did not 
reflect this phenomenon. There have been numerous other studies showing increased metal 
ion concentrations in the blood of patients with metal on metal total hip arthroplasty [11-13].
In vitro studies have looked at the consequence of culturing cells with Co and Cr
metal ions. Studies have shown that the release of metal partieulates and ions have lead to
cell toxicity [14-15], metal hyper sensitivity [4], chromosomal changes [15]. Studies have
also shown that Co ions suppressed osteoblasts function and caused them to release
chemokines (cellular signalling proteins) which attracts inflammatory and osteoclastic (bone
removing) cells to the area [16-17]. Fleury et al studied the in vitro reaction of human like
osteoblast cells to Co^  ^and Cr^ "^ . Their study found that not only was Co^  ^more cytotoxic
than Cr^  ^but also the effects of Co^^was time and concentration dependent whereas Cr^  ^was
concentration dependent [18]. The concentrations of Co^  ^(0-10 ppm) and Cr^  ^ (0-150 ppm)
used in this work were based on previous studies [19-21] and is higher than that reported for
patients with metal on metal articulations. Issa et al also found that the in vitro
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concentrations of metal ions which cause toxicity was higher than that which cause toxicity in 
vivo [14]. It has been shown that pre stimulated cells are more sensitive than non pre 
stimulated cells [22-23]. It is therefore possible that in vitro type studies require higher 
concentrations of Co and Cr ions to provoke a response than in vivo conditions. Sun et al 
demonstrated that even at sub toxic concentrations metal ions can have an effect upon 
osteoblast metabolism and cellular differentiation [24].
6.2 Biological SIMS
As indicated in Chapter 3 (section 3.3.1) SIMS is characterised into either static SIMS 
(SSIMS) or dynamic SIMS (DSIMS). Both of these methods have been used extensively to 
study biological samples.
DSIMS probes tens of monolayers beneath the surface and is able to extract atomic 
and low molecular weight species. Of the two techniques DSIMS is considered most sensitive 
for elemental quantification [25]. DSIMS has been used for the localisation of anticancer 
drugs in cells and tissues [26-27]; study of cell proliferation and division [28]; and cellular 
ion transport studies [29-30]. Furthermore the high intensity ion beam flux produces 
significant sample damage and limits the amount of molecular information [25,31].
In contrast to DSIMS, SSIMS uses a comparatively low primary ion beam dose which 
should not exceed the static limit (1x10^  ^primary ions/cm^ per analysis). Less than 1% of the 
first monolayer of a surface is impacted by primary ions which results in a more sensitive 
surface analysis with minimised sample damage. For the analysis and study of molecular 
information from a biological sample, SSIMS is more suited [32]. As SSIMS is the technique 
used in this study all further literature will refer to ToF-SIMS studies.
6.2.1 Imaging ToF-SIMS of cells
The search for detailed knowledge on chemical organisation of cells and tissues is still 
developing in physiology and medicine. There is an increasing interest in the study of the 
spatial distribution of compounds/molecules on single cells. The study of single cells 
promises to enhance understanding of numerous biological events such as intra- and
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intercellular communication (exocytosis, endocytosis, and signal trafficking), physiological 
effects of exogenous agents (drug treatments), and changes in normal biological function 
brought about by disease [25]. There are many imaging techniques used in medicine 
(particularly molecular biology) but unlike other techniques ToF-SIMS has the benefit of 
allowing direct analysis i.e. without requiring labelling of the compound/ molecule of 
interest. Other benefits of ToF-SIMS include its high sensitivity and specificity. There is 
much interest and research using static SIMS to analyse cells, tissues and biofluids [33]. ToF- 
SIMS is however an emerging technique and has yet to beeome commonplace in the analysis 
of biological samples. Key issues which need to be addressed when analysing biological 
samples include spatial resolution, molecular selectivity, depth of analysis, sensitivity, 
destructiveness and (depending on the sample preparation protocol) possible sample 
modification. There is yet to be a technique developed which does not compromise at least 
one of these issues [34].
There has been much work done to develop and progress the field of imaging 
biological specimens by the ToF-SIMS community, most notably by the likes of N. 
Winograd at Penn State University, J.C. Vickerman at the University of Manchester, P. 
Sjovall at the SP Swedish National Testing and Research Institute, S. Chandra at Cornell 
University, and H.F. Arlinghaus at Münster and their respective research groups.
The goal of identification, localisation and quantification of intracellular elements and 
drugs could provide a valuable new tool for pharmacological and medical studies. Colliver et 
al. developed a complete freeze fracture methodology for the analysis of the cytosol of frozen 
hydrated cells. In this study their protocol successfully spatially resolved cocaine and 
dimethyl sulfoxide (DMSO) within large Paramecium cells [35]. Cliff et al imaged frozen 
hydrated yeast cells which had been incubated in the presence of the antibiotic clofazimine 
[32]. In this study it was found that the clofazimine did not penetrate into the cell but was 
bound to the cell membrane; other examples include the localisation of anticancer drugs [36]. 
Mai et al studied the effects of metal intoxication in liver cells using ToF-SIMS, and found 
that of the metals cultured with the cells (Cd, Cu, Cr, Hg and Zn) only Cr and Cu diffused 
into the cell [37]. As illustrated in the above studies, ToF-SIMS is able to identify and 
localise both intra- and intercellular molecules.
ToF-SIMS spectral analysis of cells can be very complex whieh causes problems 
when interpreting the spectra. Several groups have successfully applied multivariate analysis
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techniques such as principal component analysis (PCA). Such techniques reduced the data 
dimensionality which enables analysis and interpretation of related data sets [31]. PGA was 
used successfully by Baker et al to demonstrate differences in freeze dried malignant and 
non-malignant cancer cells using ToF-SIMS [38]. Similarly Jungnickel et al successfully 
discriminated between four yeast strains from two species [39]. A study by Wagner et al 
compared PGA to another pattern recognition technique known as linear discriminant 
analysis, and both successfully differentiated the spectra of different proteins [40]. These 
studies show that ToF-SIMS is capable of differentiating between cell lines based upon 
differences in the surface chemistry.
Quantification of SIMS data is based on the rationale that the secondary ion intensity 
is proportional to the element or molecule of interest [41]. Direct quantification of ToF-SIMS 
data is not straightforward due to secondary ion yields being strongly influenced by the 
environment from which the ions originate (the matrix effect), sample topography, and 
primary ion beam interactions - not to mention instrument variations [42]. However, relative 
quantification is possible if it is assumed that there is negligible influence from the matrix 
effect [43]. Relative sensitivity methods allow calibration of the analyte intensity with respect 
to a reference ion intensity. These methods have gone beyond proof of concept and have been 
used to quantify many biological processes [25]. Fartmann et al investigated and 
successfully quantified the uptake of anticancer drugs in human cells. Quantification of 
uptake was achieved by comparing the number of counts received from the analyte and 
normalised to the mean number of counts received from the whole cell [36]. This was then 
compared to a calibration curve where the intensity of known concentrations of the drug had 
been measured. Relative quantification has also been achieved for the plasma membrane [44], 
as well as lipids in the cytoplasm [45]. By normalising the signal intensity of interest to an 
internal standard or generic fragment which remains constant (in both studies the ubiquitous 
hydrocarbon fragment 69 m/z was used) relative quantification can be achieved with good 
reliability.
A brief introduction into the use of cluster (polyatomic) primary sources for ToF- 
SIMS has already been given in Ghapter 3. As already discussed the use of polyatomic 
sources for analysis enables higher secondary ion yields without the accumulation of sub­
surface damage. The reduction in sub-surface damage arises from the fragmentation of the 
polyatomic ion which results in multiple low energy impacts which reduce the penetration 
depth [46]. It has been postulated that the damage delivered to the surface is removed as it is
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contained within the sputtered volume [46-47]. The ability to sputter away the surface 
without damage enables molecular analysis to be studied as a function of depth. In the 
analysis of biological specimens this enables the interior of species to be analysed without 
compromising the cellular membrane of the specimens prior to analysis. Kurczy et al. used a 
Côo^  source to erode the cellular membrane and expose the interior of the cell allowing 
quantification of lipids in the cytoplasm [45]. The localisation of drugs in tissues using ToF- 
SIMS in conjunction with Côo^  sputtering has also been demonstrated by Jones et al. [46]. 
The ability to carry out molecular analyses as a function of depth has also allowed the 
generation of 3D images. This was first achieved by Vickerman's group at The University of 
Manchester [48]. Their study successfully investigated the biomolecular distribution of 
Xenopus laevis oocytes as a function of depth. A recent study by Fletcher et al. in 
Vickerman's group have produced some excellent 3D visualisations of human HeLa-M 
cells, as shown Figure 6-1 [49].
Figure 6-1. 3D visualisation of the membrane (green) and nucleus (red) chemistry in the 
fixed and freeze-dried HeLa-M cells [49].
6.2.2 Preparation protocols
The requirement of an ultra high vacuum for SIMS means that the technique is not
able to carry out a direct analysis of cellular or tissue specimens. Stringent preparation
protocols developed mainly from the electron microscopy field have been used to in order to
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overcome the incompatibility between biological samples and vacuum requirements. 
Furthermore as the identification and localisation of molecules within biological specimens is 
often of interest, the sample preparation should ensure that the chemical and structural 
integrity are maintained. Preparation protocols are problem dependent and vary significantly 
depending upon the biological sample (hard tissues, soft tissues, or cell culture) and the type 
of instrument being used [50]. Sample preparation for SIMS analysis still remains an area of 
intense research. There are several methods which are used, each with its own benefits and 
drawbacks.
Embedding techniques such as those used in transmission electron microscopy rely on 
chemical fixation followed by embedding in a polymer resin. Studies have shown that the 
combination of chemicals used followed by resin embedding significantly influences the 
native cellular chemistry [51-52]. It is for this reason that this method of sample preparation 
has been discounted from this study.
Cryofixation techniques can be used to allow the analysis of frozen hydrated samples 
in their near living state. In cell biology the rapid freezing of cells and subsequent fracturing 
is a well established technique used in electron microscopy of intracellular surfaces. Chandra 
and Morrison modified this technique to allow cell interiors to be analysed using SIMS [53]. 
Specimens analysed in this manner are generally cellular cultures grown on sterilised Si 
wafers. The high thermal conductivity (157 Wm'^K’^ ) of silicon wafers makes them ideal 
substrates to prepare and analyse cellular samples. Their use allows samples to be quickly 
frozen which prevents formation of ice crystals within the cell [54]. The culturing of cells 
onto Si wafers for the purpose of SIMS analysis has been studied by Wittig et al. [54]. This 
study found no evidence of toxic effects caused by the Si wafers. It was also found that the 
polished side of the silicon was optimal for cellular growth. Sample preparation is achieved 
by rapid freezing which is essential if damage caused by the growth of large ice crystals is to 
be avoided and to arrest and preserve biological activity. At atmospheric pressure, the cooling 
rate required to achieve this is greater than approximately 2x 10^  °C/ sec over the critical 
range 20 °C to -100 °C [55]. Rates of this magnitude can be achieved for thin films plunged 
into cryogens such as liquid propane or ethane. As a point of comparison, immersion of 
biological specimens into liquid nitrogen gives cooling rates in the order of 10^  °C/ sec which 
produces significant sample damage as a result of the formation of large ice crystals. Once 
frozen, the sample must then be transferred into the ToF-SIMS preparation chamber ensuring 
no water condensation occurs on the sample. Once under vacuum in the preparation chamber
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the sample temperature must be earefully controlled to ensure sublimation or conversely 
vapour deposition does not occur. To allow the cell interior to be analysed the cells must be 
fractured in vacuum. Prior to freezing, silicon or latex beads with a diameter in the order of 7- 
10 pm are added to the cell culture. The diameters of the added silicon beads are dependent 
upon the size of the cultured cells. The silicon beads are added to act as spacers for 
orientating the fracture plane and also to prevent the cells from being damaged by a second Si 
wafer whieh is placed on top of the first [56]. Figure 6-2 below illustrates this ‘sandwich’ 
type assembly.
S ilicon  beads Cell
Figure 6-2. Illustration showing the silicon-cell-silicon sample preparation required for 
exposing the cell interiors.
This sandwich assembly is then plunged frozen into a suitable eryogen. Once transferred 
into the SIMS and under vacuum the top Si wafer is pried off using either a cold knife or 
wobble stick. Since ToF-SIMS is such a surface sensitive technique the conditions for freeze 
fracture and subsequent analysis of frozen hydrated samples is critical. Sample fracturing and 
subsequent analysis need to be carried out at temperature which ensures equilibrium between 
the sublimation and condensation of water for a given pressure. Condensation or sublimation 
of water onto the surface can significantly modify resultant images. If the sample temperature 
during fracture is too low, water condenses onto the surface of the sample obscuring the 
underlying surface of interest. Conversely if the sample temperature is too high during 
fracture water is rapidly sublimed from the surface. As the solutes from the surface are 
diffused across the sample surface the resultant SIMS produced show a homogenous surface
[57]. A temperature range of as little as 15°C has been shown to be enough to show the 
extremes between total water coverage to significant surface damaging due to freeze etching 
[1]. Despite the pressure dependence upon the temperature necessary to balance sublimation
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and condensation, most studies have shown the required temperature to be approximately - 
105°C [1,32,58]
If carried out correctly the fracture plane will pass through large areas of cellular sections. 
An example of cells fractured using the sandwich technique as shown in Figure 6-3.
Figure 6-3. Field emission SEM of freeze fractured, frozen hydrated cells. The top layer of 
the sandwich has been removed and exposed the cell interior. Higher magnification images 
(not shown) revealed that the fracture plane has passed through the dorsal surface of the cell 
removing the cellular membrane [50].
There have been a few ToF-SlMS systems specifically designed for the analysis of 
frozen hydrated samples. Both Nicholas Winograd (of Penn State University, Department of 
Chemistry) and John Vickerman (of the University of Manchester, Surface Analysis Research 
Centre) have developed ToF-SIMS instruments which allow the routine analysis and storage 
of freeze fractured, frozen hydrated biological specimens. Peter Stovall’s Group at the 
Swedish National Testing and Research Institute have recently developed a hinged, spring 
loaded device which allows freeze fracture in-situ. The device has been designed to be 
compatible with their existing ToF-SIMS IV instrument [59]. Whilst the freeze fractured, 
frozen hydrated method of sample preparation and analysis is considered to be the current 
gold standard there are numerous drawbacks. The freezing of samples will inherently change 
the form of the water and so this is still not a true in vivo representation. The procedure 
requires very careful control of temperatures during fracturing and analysis to prevent the 
sublimation or the formation of ice over the sample surface. The procedure of fracturing the 
cells tends to produce a very low yield of suitably fractured cells. Furthermore the fracture 
plane tends to be between the leaflets of the membrane bilayer. As a result the cellular
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cytoplasm is still obscured [60]. The freeze fracture of the eells ean expose several different 
surfaces of the cell as illustrated in Figure 6-4.
Figure 6-4. Schematic of possible surfaces exposed from a single cell using the freeze 
fracture, frozen hydrated preparation methodology (i) covered with buffer, (ii) convex 
extracellular surface, (iii) convex protoplasmic surface, (iv) cross fracture, (v) concave 
protoplasmic face, AND (vi) concave extracellular face [61].
To determine exactly which surface has been exposed is difficult. As a rule of thumb 
the intracellular ratio of potassium to sodium (10:1) can be used to determine if the cytoplasm 
has been exposed [62-63]. Alternatively the characteristic phosphocholine signal (m/z = 184 
u) can be used to show that the cellular membrane is exposed. Although these methods give 
some idea of the region exposed there is still as yet no way to determine exactly which part or 
surface of the cell is being analysed. Roddy et al. used a fluorescent dye known as Dil which 
binds to the outer leaflet of the cellular membrane [61]. This enables the inner and outer 
leaflet of the cellular membrane to be distinguished.
Several protocols exist for the preparation of dry biological samples for ToF-SIMS 
analysis including freeze drying and alcohol drying. The drying of biological samples has the 
added benefit of being compatible with the vacuum. Additionally they allow simpler handling 
of samples and instrumentation [64]. Freeze drying of samples involves culturing cells on to 
silicon substrates as previously described, the cells and substrate are then removed from the 
culture medium and plunge frozen in a suitable eryogen. Once frozen the cells are then placed 
into a freeze dryer which applies a modest vacuum. During this process the temperature of 
the chamber is kept low to ensure the water is removed slowly by sublimation. It should be 
noted that unless the freeze drying process is carefully controlled cell shrinkage can occur 
and can cause damage to cellular morphology. Figure 6-5 shows an SEM image of a plunge
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frozen freeze dried cell, the magnified portion of the image shows damage (cracks) resulting 
from shrinkage during drying [64].
S4700 lO.OkV x2.50k SE(U) 1Œ18/Û715:C6
Figure 6-5. SEM image of cell prepared by plunge freezing followed by freeze drying. The 
magnified portion of the image shows damage (cracks) due to shrinkage during drying [64].
The damage due to shrinkage cracks not only compromises the cellular integrity but 
also creates artefacts in the ToF-SIMS images. Figure 6-6 is a ToF-SIMS image of the 
phosphocholine head group (m/z = 184 u) of the cellular membrane of a shrink damaged cell. 
The arrowhead indicates damage caused by shrinking during drying.
Figure 6-6. ToF-SlMS image of a cell showing damage due to the drying process [64].
To minimise damage, the freeze drying process should be carried out at low 
temperatures [65]. Alcohol drying is carried out in the liquid state, and therefore cells must be 
chemically fixed beforehand (e.g. with glutaraldehyde). As with all the other sample 
preparation techniques cells are grown onto silicon wafers. The wafer is immersed in 
increasing concentrations of alcohol. After immersion in 100% alcohol the sample is
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removed and the remaining alcohol can be excised by using either evaporation in a desiccator 
at room temperature or via critical point drying [64].
One of the issues with drying of samples for ToF-SIMS analysis is the accumulation 
of the non-volatile contents of the growth medium (such as salts) on the sample surface. Not 
only does this partially obscure the sample surface but it also causes problems with the 
ionization probability of biological molecules [64,66]. In order to overcome these issues 
numerous authors have successfully used iso-osmotic solutions to remove non-volatile 
constituents. Volatile salts such as ammonium formate [62,64,67] or ammonium acetate [60] 
have both proved successful. The use of such salts has been shown to conserve the molecular 
information as well as to produce adequately clean surfaces to allow morphological and 
chemical analysis. Furthermore Berman et al have demonstrated that the results are 
reproducible even over an extended period [60]. Other methods used to remove culture 
mediums include washing in water alone [48], sucrose and water [68], and using a trehalose 
and glycerol matrix [69].
Some authors have combined the freeze fracturing and freeze drying process which 
allows the cell interior to be analysed without the need for a SIMS instrument with cryogenic 
capabilities [36-37,70]. Although this technique has produced good results, with the advent of 
cluster sputtering sources which do little damage to the surface the need to combine both 
techniques seems a little redundant. Furthermore, if the aforementioned issues with fracturing 
cells are considered (e.g. low fracture yields) it is unsurprising that the combination of freeze 
fracturing and freeze drying has not been widely adopted.
The natural living physiology of a cell must be understood in order to be able to 
determine if a preparation protocol has successfully preserved its integrity. Furthermore, an 
understanding of cellular physiology also helps in the understanding and interpretation of 
ToF-SIMS spectra and images. In order to localise the cell itself the peak at m/z = 184 u is 
diagnostic of the phosphocholine head group fragment C5H14PNO4 [71-73]. This peak is 
diagnostic of the cellular membrane and allows the cell to be located. Intracellular and 
extracellular concentrations of and ^^ Na"^  can be used to give an indication of the cell 
integrity [29,52]. The Na'^/K'^-ATPase pump found on the cell membrane is responsible for 
the high intracellular concentration of potassium and low concentration of sodium [62-63]. A 
ratio of approximately 10:1 suggests that the cell integrity has been maintained throughout 
the sample preparation [29,52]. Loss of the potassium signal indicates that the integrity of
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the cell membrane has been compromised and that cytosol has been lost. Retaining the 
potassium indicates that the cytosol has been retained. If an overlay of the images of 
potassium from the cytosol and phosphocholine from the eell membrane coineide with one 
another this suggests the preparation protoeol has successfully maintained cell integrity
[60]. Figure 6-7 shows ion images of a well preserved cryofixed freeze dried cell. This is 
evident from the high intracellular potassium levels and low sodium levels. Also the overlay 
of the potassium ion image and the phosphocholine head group ion image show that the 
potassium originating from the cytosol is located within the cellular membrane.
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Figure 6-7. Ion images, acquired in burst alignment mode for an ammonium formate washed 
cryofixed and freeze dried eell. Signal intensity distributions for a) Na”^ b) c) 
phosphocholine (m/z 184) and d) Overlay image showing Na^ (red), (green) and 
phosphocholine (blue) [64].
Sample preparation continues to be an important area of research. The rationale for 
the most commonly used sample preparations has been detailed in the above literature 
review, and aspects gleaned from this work will be used in the development of the procedures 
that are described in the following sections.
6.3 Verification of sample preparation protocol
The following section details the experimentation and methods used to establish a 
sample preparation protocol which preserves the cellular integrity. Of the protocols detailed 
above the freeze fracture, frozen hydrated procedure best preserves the biological integrity of 
the cell as well as the in vivo localisation of solutes, elemental ions and molecules. It was for
this reason that this method of preserving and analysing was chosen.
_ _ _
6.3.1 Materials and methodologies
Cell culture
The malignant human osteosarcoma cell line, G292, was cultured in McCoy’s 5A 
growth medium supplemented with 10% foetal bovine serum (FBS) (PAA, Somerset, UK), 
1.5 mM L-glutamine, lOOU ml-1 penicillin and 100 pg ml-1 streptomycin. All items were 
purchased from Sigma Aldrich (Poole, UK) unless stated otherwise. Cells were cultured in a 
humidified incubator at 37°C with 5% CO2.
Portions of Si wafer of approximately 5x5 mm  ^ in size were cleaned in an ultrasonic 
bath with deionized water, methanol, and finally acetone, for 5 minutes each. After cleaning 
the samples were allowed to dry in a dessicator. Once dry the Si wafers were then sterilised 
under a UV light for 15 minutes. The clean, sterilised Si wafers were added to the cell culture 
plates with approximately 25,000 cells. The cells were cultured with the Si wafer for 24 hrs. 
This period was sufficient for the cells to adhere to the surface of the Si wafer.
Polystyrene microspheres (~10 pm dia.) were purchased from Bangs Laboratories, 
Inc. (Indiana, USA). The microspheres were washed 3 times using centrifugation as 
recommended and in accordance with Bangs Laboratories technical data sheet 203. The 
micro spheres were then subsequently sterilised using 70% ethanol in accordance with Bangs 
Laboratories technical data sheet 670. Approximately 25,000 washed, sterilised microspheres 
were added to the cell cultures one hour before removal for plunge freezing.
ToF-SIMS
ToF-SIMS analyses were performed employing the TOF.SIMS 5, using the 
experimental conditions outlined in Chapter 3 (section 3.6.2.). The liquid nitrogen reservoirs 
for the cold stages (both entry and analysis chambers) were filled one hour before 
experimentation began to ensure that the temperature of the cold stage was appropriate.
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6.3.2 Cell fracture
In order to allow for the freeze fracturing of cells a device had to be developed which 
satisfied the following criteria;
1) Compatible with the temperature controlled cold stage of the TOF-SIMS 5 
instrument.
2) Vacuum compatible.
3) Enable quick transfer of samples into vacuum.
4) Thermal conductivity of device should not adversely affect control of sample 
temperature.
5) Able to be operated manually whilst under vacuum using a wobble stick.
Several authors have described the development of similar freeze fracturing devices 
[32,35,74]. These designs are based on a mousetrap concept whereby the cells are cultured 
onto, and subsequently sandwiched between, two Si wafers much like that illustrated 
in Figure 6-2. The sandwich assembly is then fixed into a spring loaded mechanism which is 
plunge frozen in a suitable eryogen. Once placed into the ToF-SIMS instrument and under a 
suitable vacuum, at an appropriate temperature, the spring mechanism is triggered which 
separates the two Si wafers. If done correctly the fracture plane will pass through the cells. 
Based on other mousetrap devices and communication with Vickerman’s group the design 
illustrated in Figure 6-8 was developed to freeze fracture cells. To ensure that thermal 
conductivity was optimal the base of the device was manufactured from copper whereas the 
rest of the device was stainless steel. The design differs from others as there is no spring 
mechanism and requires manual operation of the device using a wobble stick.
- 164-
ou
Figure 6-8. Freeze fracturing mouse trap design.
6.3.3 Plunge freezing
A custom built vessel was designed to allow the production of liquid propane and to 
facilitate the plunge freezing of samples. Existing designs of simple apparatuses for plunge 
freezing of biological specimens were reviewed [55,75]. Using the available literature the 
design illustrated in Figure 6-9 was produced.
Propane gas
Figure 6-9. Illustration of the device used to produce liquid propane and subsequently plunge 
freeze samples.
165
Propane gas was supplied by BOC (Woking, Surrey). The apparatus worked by 
passing propane gas through % inch copper tubing which passed into the Styrofoam box 
containing liquid nitrogen. As the propane gas passes through the copper coil the propane gas 
condenses and is collected in the Pyrex vessel. Once approximately 200 ml of liquid propane 
was produced the propane gas cylinder was turned off.
Once the liquid propane was prepared the Si wafer was removed from the cell culture 
solution and gently rinsed in 150 pM of ammonium formate Sigma Aldrich (Poole, UK) for 
15 secs, and placed onto the fracture device (Figure 6 -8). The assembly was then placed onto 
a cradle and submerged into the liquid propane by hand. After approximately 20 secs the 
assembly was removed from the liquid propane and the excess propane was quickly removed 
using cotton wool pads. The assembly was then transferred into liquid nitrogen for storage.
Once ready for analysis the assembly was removed from liquid nitrogen and fixed to 
the cold stage of the ToF-SIMS preparation chamber quickly to ensure condensation of water 
vapour onto the sample was kept to a minimum. Following introduction into the vacuum 
chamber and attainment of 10 '^  mbar, the temperature of the sample was brought to fracturing 
temperature of -105°C. The wobble stick was then used to operate the freeze fracture device 
illustrated in Figure 6 -8 . The cold stage was then transferred through to the analysis chamber 
for chemical analysis.
6.3.3.1 Preliminary results and discussion
Preliminary results were obtained in order to ascertain if the sample protocol 
preserved the cellular integrity of the cellular specimens. There were significant problems 
with the control of the sample temperature. This was primarily due to the design of the cold 
stage on the ToF-SIMS instrument. The thermocouple on the cold stage is such that it must 
run underneath the fracture device. Not only did this cause some difficulty in ensuring 
contact between the fracture device and cold stage but there was difficulty in obtaining 
consistent temperatures.
Despite using several methods to control the condensation of water vapour the sample 
surface was often obscured by water vapour. The majority of condensation occurred when 
inserting the mousetrap into the preparation chamber. It was also noted that water vapour was 
condensing on to the sample whilst the chamber was pumping down to base pressure.
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Another issue was the fixed position of the cold stage and cold finger within the 
analysis chamber. It was necessary to move the cold stage to search for fractured cells or 
areas of interest. Moving the cold stage in any direction (x, y or z) meant that there was no 
longer full contact between the cold finger and cold stage which resulted in a change or loss 
in the ability to control the temperature of the sample.
Lastly, as cited by numerous authors there were difficulties in actually fracturing the 
cells. As a consequence of the aforementioned issues meaningful results were not able to be 
obtained. For the above reasons, alternative methods of sample preparation were sought.
6.3.4 Alcohol drying
Alcohol drying can also be used to preserve biological samples, and involves 
immersing the samples into a succession of increasing alcohol concentrations to gradually 
replace water with alcohol; the alcohol is subsequently removed.
6.3.4.1 Materials and methods
Cell culture and Si sample preparation were carried out as described in sections 6.3.1 
without the addition of polystyrene microspheres. The cells were cultured onto the Si wafers 
for 24 hrs as before. After 24 hrs the Si wafers with adhered cells were removed from culture 
and washed in 2.5% glutaraldehyde Sigma Aldrich (Poole, UK) for 2 mins. The Si wafer was 
then washed in increasing concentrations of ethanol, diluted using MilliQ water (30, 50, 70, 
80, 90, 95, and 100%). Once finished the Si wafers were allowed to dry in a dessicator.
6.3.4.2 Preliminary results and discussion
Light microscopy revealed that the structural integrity of the cells seemed to have 
been well preserved. This is evidenced in Figure 6-10 which shows that larger structures such 
as the cell nucleus are present as indicated by the black arrows, as well much of the fine 
structure such as the filopodia and/ or retraction fibres, as indicated by the red arrows.
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iFigure 6-10. Light microscopy images of preserved cells using alcohol drying methodology. 
Filopodia and/ or retraction fibres are indicated by red arrows and cell nuclei are indicated by 
black arrows.
However, ToF-SIMS analysis revealed that the preparation protocol had not 
completely preserved the cell. Light microscopy (not shown) of Figure 6-11 a) shows the 
central feature (as indicated by black arrows) to be an alcohol dried cell, similar to those seen 
in Figure 6-10. ToF-SIMS of this cell ( Figure 6-11 a) shows that the intracellular 
concentration of is depleted indicating a loss of the cell cytosol. One likely cause of this is 
the glutaraldehyde fixation which causes cross-linking of the proteins in the cell. These 
proteins include those which terminate the function of the membrane proteins responsible for 
maintaining the potassium gradient across the cell membrane, resulting in potassium 
diffusion from the cell interior [64]. Furthermore Figure 6-11 b) shows that the intensity of 
the cellular membrane is lower than anticipated. Other authors have reported that the alcohol 
used in the preparation protocol partially solubilises the polar membrane phospholipids [64].
Figure 6-11. ToF-SlMS images of a preserved alcohol dried cell (indicated by black arrows), 
256x256 pm .^ Signal intensity distributions for a) b) phosphocholine (m/z = 184 u).
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6.3.5 Freeze drying
6.3.5.1 Materials and methods
Cell culture and Si sample preparation were carried out as described in sections 6.3.1. 
The cells were cultured onto the Si wafers for 24 hrs as before. After 24 hrs the Si wafers 
with adhered cells were removed from culture, rinsed in 150 pM of ammonium formate then 
plunge frozen into liquid propane. Once plunge frozen the Si wafers were transferred into 
liquid nitrogen for storage. When required the samples were quickly transferred from the 
liquid nitrogen and placed onto a large aluminium disk (also cooled using liquid nitrogen) 
under a nitrogen atmosphere to prevent water from the atmosphere condensing onto the 
sample surface. A second disk also at LN2 temperature with a small recess to prevent the 
sample from being crushed was then placed over the first disk. This assembly was then 
quickly transferred into a Modulyo freeze dryer (Edwards High Vacuum International, BOC). 
Freeze drying was carried out at 0.1 mBar at a temperature of -40°C for at least 12 hrs. The 
samples were then completely dry and ready for ToF-SIMS analysis.
6.3.5.2 Preliminary results and discussion
The ToF-SIMS images shown in Figure 6-12 show two well preserved cells. The first 
cell shown in Figure 6-12 a) and b) shows a remarkably well preserved cell. This is verified 
by the fact that the signal coincides with the phosphocholine head group fragment 
C5H14PNO4 from the cell membrane. Numerous studies have shown an overlap between the 
phosphocholine head group and signals [64,76]. However the thickness of the lipid bilayer 
of cells has been reported to be in the order of 7 nm [77]. As such the lipid bilayer of cells 
should be sufficiently thick enough to obscure the signal stemming from intracellular region 
of the cells. This effect could be due to K salts in growth medium not being effectively 
removed from the lipid bilayer. Another answer could be migration of potassium through the 
lipid bylayer during freeze drying process. A yet to be published study from the National 
ESCA and Surface Analysis Centre for Biomedical problems (NESAC/BIO) shows the 
sampling depth could be greater that the often quoted analysis depth of the outermost 
monolayers of a sample surface [78-79]. The second cell shown (Figure 6-12 c) and d)) 
clearly shows the cell has burst as illustrated by the fact that the signal from the cytosol 
immediately surrounds the phosphocholine head group of the cell membrane. It is reasonable
- 169-
to assume, based on the localisation of the potassium, that the cell membrane has been 
compromised at some point during the drying process and the cytosol has spilled out to the 
area surrounding the cell. Despite the cell membrane being partially compromised the 
localisation of the cytosol to the cells still make it available for chemical profiling [60].
Figure 6-12. ToF-SIMS images of freeze dried cells, 256x256 pm . Signal intensity 
distributions for (a) and c)) and for phosphocholine (m/z = 184 u) (b)and d))
With a working methodology to enable the cell to be adequately preserved, a 
preliminary assessment to test the ability of a Côo^  source to erode away the cell membrane to 
reveal the internal portion of the cell was conducted. A recent study by Brison et al. estimated 
the etch rate of of human HeLa cells to be approximately 1 nm of biological material 
sputtered per sec [76]. Brisons et al. used a Côo^  sourced at 10 keV with a target ion current 
between 0.15 and 1 nA over a 500 x 500 pm  ^area. As detailed in Chapter 3 section 3.5.2 this 
study used a source at 10 keV with an ion current of between 12-14 nA over a 400 x 400 
pm  ^ area. It is acknowledged that differences in the Côo^  sources and parameters used by 
Brison et al. and those used in this study will mean that the sputter rates might not be 
identical; however it is believed that they provide a rough approximation. It has been 
assumed that this sputter rate is applicable to the G292 cells used in this study. Figure 6-13
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shows a series of images taken from two freeze dried cells before and after 15 secs of 
sputtering. Figure 6-13 a) shows the two cells (see arrows) as seen by the phosphocholine 
head group of the cell membrane (m/z =184 u). Figure 6-13 b) shows that the portion of the 
Si substrate has been exposed due to Côo^  sputtering (highlighted by the boxed portion). The 
figure shows that the eroded region includes cell 1 which is obscuring the underlying 
substrate. Figure 6-13 c) shows the sputtering has removed the phosphocholine portion of cell 
1 whereas the membrane of cell 2 remains intact. As previously mentioned the lipid bilayer of 
cells has been reported to be ~ 7 nm [77] ,which after 15 seconds at a rate of approximately 1 
nm is sufficient for it to be totally removed and therefore expose the interior of cell 1. The 
ToF-SIMS spectra (not shown) also confirms that the phosphocoline portion of the cell has 
been removed. Figure 6-13 d) shows that the signal from intracellular cholesterol (C 2 7 H 4 5 ) 
has become apparent in cell 1 and not in cell 2. Using a Cgo^  source to erode away and expose 
the intracellular environment for analysis has proved successful. It is therefore concluded that 
this method will allow the investigation of not only whether metal ions bind to the lipid 
bilayer but also whether they are able to pass into the intracellular region.
Cel l  1
Ce l l  2
Ce l l  2
Figure 6-13. ToF-SIMS images of freeze dried cells, 256x256 pm a) phosphocholine (m/z 
= 184 u), b) etched and non etched portions of the Si wafer, c) etched and non etched portions 
from the phosphocholine head group, d) cholesterol (m/z = 369 u).
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For this study the cellular surface will be initially analysed followed by 15 
secs of sputtering (~15 nm of penetration into the cell). The cell interior will be analysed 
before a further 15 secs of sputtering (-30 nm of penetration into the cell) followed by 
subsequent analysis. Sputtering further into the cell reveals little or no change in the spectra 
and therefore further sputtering is not required.
Figure 6-14 shows two typical ToF-SIMS spectra taken from two separate samples 
whieh have been prepared using the freeze dried protocol detailed above. The spectra have 
shown that the sample preparation is able to produce reproducible results.
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Figure 6-14. Two typical ToF-SIMS positive ion spectra from samples prepared using the 
described freeze drying protocol.
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6.3.6 Preparation protocol results
The preliminary results used to determine the suitability and repeatability of the 
preparation and analysis of cellular samples using ToF-SIMS have been explored. 
Preparation methods trialled include frozen hydrated, alcohol dried and freeze dried samples.
Although considered the gold standard, preparation of frozen hydrated samples has 
been shown to be an arduous task. Issues with water condensation onto the sample surface, 
fracturing the cells, not to mention problems with design of the cold stage and cooling system 
on the ToF-SIMS instrument has meant that analysis of frozen hydrated biological specimens 
is not possible with the facilities available for this work. It should also be noted that none of 
the published studies base their results on more than a few cells. Unless the authors are 
assuming a homogenous cell population then this then calls into question the ease with which 
results are obtained and how repeatable the protocol is. Using this current protocol and 
scaling it up to a full clinical investigation would be a laborious and hugely time consuming 
task.
As shown in Figure 6-10 alcohol drying has preserved the fine cellular detail 
suggesting that the cell integrity had been well preserved. However looking at the ToF-SIMS 
images it can be seen that this is not the case. Not only has there been a loss in the 
localisation of the cytosol but also the phosphocholine head group of the cell membrane has 
been lost. As a result alcohol drying is not an appropriate method to use in this study.
Freeze drying has shown to be an easy and repeatable method to use. It has produced 
results which are either comparable to or better than to those in other studies. For these 
reasons this preparation protocol will be used to prepare samples to study the cellular uptake 
of metal ions.
6.4 Co and Cr dose response curves
Although several studies discussed in the literature review have carried out dose 
response investigation for Co and Cr it is important to determine the response for the G292 
cell linage used in this study. Wataha et al. investigated the response of four cell lines to 
metal ions. Their results have shown that the cytotoxic response is dependent upon cell line, 
metal ions, and passage number [80].
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6.4.1 Materials and methods
Cobalt (II) chloride hexahydrate (C0 CI2 6H2O) and chromium (III) chloride 
hexahydrate (CrCl3-6H2 0 ) were obtained from Sigma Aldrich. Each of these was individually 
mixed with sterilised deionised water to create a stock solution. Concentrations of Co^  ^and 
Cr^  ^used in this study were based on previous studies [19-21]. Cells were cultured in six well 
plates, and each well was seeded with 300k cells. The appropriate quantity of Co^  ^ or Cr^  ^
was then added to each well. The cells were allowed to culture for 24, 48 and 96 hrs 
respectively. After incubation the cells were removed from culture and rinsed with 2.5 ml of 
trypsin (Sigma Aldrich) to re-suspend the adherent G292 cells. The cells were gently pipetted 
to ensure that they were uniformly distributed. Cell viability was assessed by measuring the 
percentage of dead cells by Trypan blue exclusion. 100 pi of the cell culture was removed 
from the cell culture and mixed with 100 pi of tiypan blue. This solution was left to rest for 
approximately 45 secs before being gently pippetted once more. 10 pi was then removed 
from this solution and added to a haemoeytometer to allow the cell viability to be determined. 
The cell viability experiments were carried out 4 times on 5 different days and the results are 
averaged from 2 0  different experiments for each concentration at each in vitro culture time.
6.4.2 Results of Co and Cr dose response
Figures 6-15 and 6-16 show how the cell viability changes with increasing 
concentrations of Co^  ^and Cr^ .^ Figure 6-15 shows a steady decline in the cell viability as the 
concentration of Co^  ^ is increased for all three investigated time lines. Unsurprisingly the 
longer the cell culture time, the lower the cell viability. These results show that the cell 
viability is not just concentration dependant but also time dependant.
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Figure 6-15. Cell viability G292 cells vs. concentration after 24, 48 and 96 hrs.
Figure 6-16 shows the cell viability as a function of concentration of Cr^  ^for all three 
investigated time lines. The data shows that at a concentration below 1 mM there is very little 
change in the cell viability. As the Cr^  ^ concentration is increased beyond 1 mM the cell 
viability begins to drop. The rate at which cell viability drops is shown to decrease at 
concentrations higher than 3 mM.
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Figure 6-16. Cell viability G292 cells vs. Cr^  ^concentration after 24, 48 and 96 hrs
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Based on the results of the cell viability study the concentrations to be used for the 
ToF-SIMS analysis will be identical to those used in this study. This enables a broad range of 
Co and Cr concentrations to be studied and will allow the relationship between cell viability 
and Co and Cr metal ion uptake to be investigated.
6.5 Analysis of metal and ion uptake in freeze dried cells
With the sample preparation protocol refined and finalised and with the cell viability 
study complete it was now appropriate to proceed with the intended work in this chapter.
6.5.1.1 Materials and methods
Five concentrations (the same used in the cell viability study) of Co^  ^and Cr^  ^will be 
used in this investigation. In order to ensure the results are not affected by intercellular 
variations at each concentration, 5 different cells will be analysed. This is important to take 
into account differences in individual cells within a cell population (cytochecmical 
variability, cell growth and duplication cycles for example). The cell membrane will be 
initially analysed to determine if metal ions bind to the cell membrane. In order to expose and 
examine the cytoplasm and intracellular portions the cell membrane will be eroded with a 
Côo^  source. The cell will be sputtered for 15 secs, then analysed/imaged before being 
sputtered a second time for 15 secs and reanalysed. This will allow all portions of the cell to 
be studied.
In order to localise the analysis/quantifieation to the individual cell the ToF-SlMS 
manufacturer’s software (lonlmage Ver 3.1.0.14) allows the acquisition of spectra 
corresponding to a user determined region of interest within an image. This ensures that 
results only refieet the Co^  ^and Cr^  ^ ions present either bound to the membrane or located 
within the cell. The step by step guide below shows the preparation protocol from start to 
finish.
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6.5.1.2 Sample preparation protocol
1) Si wafers cut washed in an ultrasonic bath with deionized water, methanol, and 
finally acetone, for 5 mins each.
2) Si wafers sterilised under UV light for 15 mins.
3) Si wafers added to and cultured with 25k cells. Co^  ^ and Cr^  ^added to the cell 
culture. The Co^  ^and Cr^  ^concentrations to be used are the same as those used in 
the cell viability study.
4) After 24, 48 or 96 hrs the Si wafers were removed from culture.
5) The Si wafers were gently washed with 150 pM of ammonium formate for 15 secs 
to remove remaining culture medium.
6) Si wafers were rapidly plunge frozen in liquid propane.
7) Excess liquid propane was removed by dabbing cotton pads on the comers of 
wafers
8) After freezing the cells were freeze dried for at least 12 hrs.
6.5.1.3 Sample analysis protocol
1) Samples transferred into ToF-SlMS for analysis.
2) Spectra of a 100x100 pm  ^area used to calibrate the peaks.
3) Suitable cells located on Si substrate.
4) 256x256 pm  ^area selected around the cell to be analysed
5) Spectra and image of cell surface reeorded.
6) 15 secs of Côo^  etching.
7) Spectra and image of cell recorded.
8) 15 secs of Ceo^  etching.
9) Spectra and image of cell recorded.
6.5.1.4 SIMS data analysis protocol
1) Spectra calibrated.
2) Cell and or cytosol located on SIMS image.
3) ROl selected using lonlmage as shown below in Figure 6-17.
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Figure 6-17. ToF-SIMS images of freeze dried cells, 256x256 Signal intensity 
distributions for a) phosphocholine (m/z = 184 u) and b) showing the selected ROl in 
red for this particular sample.
4) Spectra were then acquired from the selected ROI (highlighted red region).
5) The spectra were then normalised to the total ion count. As shown in the literature 
this allows the relative peak intensity to be determined.
6.5.2 Results
One issue which was noted was that high concentrations of Co^  ^incubated for 96 hrs 
began to adversely affect the ability of the cells to adhere to the surface of the Si wafer; 
during the preparation of these samples the cell would detach from the Si wafer. 
Consequently it was not possible to analyse cells which had been cultured with 
concentrations of Co^  ^greater than 300 pM.
6.5.2.1 Co uptake
Figure 6-18 shows how the relative Co^  ^ signal intensity varies as a function of Co^  ^
concentration used after 24 hrs of cell culture. The results suggest that Co^  ^ is found on the 
cellular membrane. The signal could be from Co^  ^ ions bound to the cell membrane or 
perhaps from residual culture medium not removed during the washing process. Depth 
profiling into the cell shows an increase in the Co^^signal intensity over all concentration 
ranges. This shows that the Co^  ^ ions pass through the cell membrane and into the cell 
interior. Figure 6-18 also shows that increasing the Co^  ^ concentration increases the Co^^
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found extracellularly and intracellularly. Sputtering into the cell shows that there is little 
difference in the amount of Co found after 15 or 30 sees.
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Figure 6-18. Graph showing how the Co^  ^uptake varies as a function of its concentration for 
the cell membrane and intracellular regions at 24 hrs.
Figure 6-19 shows how the relative Co signal intensity varies as a function of Co^^
concentration used after 48 hrs of cell culture. The overall trend at lower concentrations is
very similar to those seen after 24 hrs of culture. However the highest concentration used 
there is a drop in the relative Co signal intensity. In summary:
• Increasing the Co^  ^ concentration increases the Co^  ^ found on the cell surface and 
intracellularly with exception to the highest concentration used (1000 pM).
• Profiling into the cell shows an increased amount of Co^  ^detected showing, as before, 
Co passes through the cell membrane in to the cytosol.
• Sputtering into the cell shows that there is little difference in the amount of Co found 
after 15 or 30 secs.
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Figure 6-19. Graph showing how the Co uptake varies as a function of its concentration for 
the cell membrane and intracellular regions at 48 hrs.
Figure 6-20 shows how the relative Co signal intensity varies as a function of Co^  ^
concentration used after 96 hrs of cell culture. As previously mentioned concentrations of 
Co^^> 300 pM incubated for 96 hrs began to adversely affect the ability of the cells to adhere 
to the Si wafer. As a consequence these results could not be obtained for Co uptake at 
concentrations greater than 300 pM. The results in Figure 6-20 are summarised as below:
• The two Co^  ^concentrations used showed no increase in Co found extracellularly and 
intracellularly. With limited data points few conclusions can be drawn from this set of 
data.
• Profiling into the cell shows an increased amount of Co detected showing, as before, 
Co passes through the cell membrane in to the cytosol.
• Sputtering into the cell shows that there is little difference in the amount of Co found 
after 15 or 30 secs.
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Figure 6-20. Graph showing how the Co^  ^uptake varies as a function of its concentration for 
the cell membrane and intracellular regions at 96 hrs.
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Figure 6-21 shows how the relative Co signal intensity varies with Co^  ^concentration over a 
24, 48 and 96 hrs culture period for the cell membrane, after 15 secs of sputtering and after 
30 secs of sputtering. This figure emphasizes the increase in membrane bound Co as well as 
the intracellular Co levels with increased culture time.
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Figure 6-21. Graphs showing the relationship between Co^  ^ concentration and relative Co 
intensity over a 24, 48 and 96 hrs culture period for the a) cell membrane b) after 15 secs of 
sputtering and c) after 30 secs of sputtering.
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Figure 6-22 shows the relationship between eell viability and the relative Co signal 
intensity at 24, 48 and 96 hrs. The results show the membrane and intracellular relative Co 
intensities increase with time in culture, and as the cell viability decreases. This shows that 
ToF-SIMS is able to directly link intra and extracellular Co uptake to cell viability.
a ) 350
.•K 300
g  250
1  200 
•SP
0 150
Too
1  50 8 *
100
- 4 -
80
24 hrs
50 40
Cell viability %
I
20
♦  Cell membrane
■ 15 seconds 
sputtering 
A 30 seconds 
sputtering
4—1
0
b)
c)
700 X
.600
I  500
i  400 
.§>
” 3005
g 200
a 100
0 Oh 
100
600
•t; 500
400 --
■ËP 300
o 200 ::
100
100
80
48 hrs
60 40
Cell viability %
96 hrs
t \
H  I I' I I I t t-
60 40
Cell viability %
20
20
♦  Cell membrane
■ 15 seconds 
sputtering
A 30 seconds 
sputtering
♦ Cell membrane
■ 15 seconds 
sputtering
A 30 seconds 
sputtering
Figure 6-22. Graphs showing the relationship between the intra and extracellular relative Co 
signal intensities and the cell viability.
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6.S.2.2 Cr uptake
Figure 6-23 shows how the relative Cr signal intensity varies as a function of Cr^  ^
concentration after 24 hrs of cell culture. The results show that Cr is found on the cell 
membrane. This could be due to Cr^  ^ions bound to the cell membrane or residual culture 
medium not removed during the washing process. Increasing the Cr concentration past I mM 
does not increase the relative Cr signal intensity on the cell membrane. Depth profiling into 
the cell shows an increase in the relative Cr intensity which suggest that the Cr ions are able 
to pass through the eell membrane into the cell interior; after 15 secs of sputtering a similar 
trend is seen. The relative Cr signal intensity increases up to a concentration of 1 mM with 
subsequent increases in Cr^  ^not showing an increase in intracellular Cr. In contrast to this a 
further 15 sees of sputtering into the cell shows a decrease in the relative Cr signal intensity 
at Cr^  ^concentration greater than 1 mM.
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Figure 6-23. Graph showing how the Cr^  ^uptake varies as a function of its concentration for 
the cell membrane and intracellular regions at 24 hrs.
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Figure 6-24 shows how the relative Cr varies as a funetion of Cr^  ^concentration used 
after 48 hrs of eell culture. The results are summarised below:
• Increasing the Cr^  ^ concentration has little to no effect on the Cr found on the cell 
surface.
• Increasing the Cr^  ^ concentration increases the relative Cr signal intensity found 
intracellularly, with exception to 3 mM. The reason for this outlier is unclear. This 
does however still show that Cr passes through the cell membrane in to the cytosol.
• Intracellularly the amount of Cr detected increases as a function of Cr^  ^concentration 
with exception to the outlier at 3 mM.
• Sputtering into the cell shows that there is little difference in the amount of Cr found 
after 15 or 30 secs.
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Figure 6-24. Graph showing how the Cr^  ^uptake varies as a function of its concentration for 
the cell membrane and intracellular regions at 48 hrs.
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,3+Figure 6-25 shows how the relative Cr signal intensity varies as a function of Cr 
concentration used after 96 hrs of cell culture. The results in Figure 6-25 are summarised as 
below:
Increasing the Cr^  ^ concentration has little to no effect on the Cr found on the cell 
surface.
Increasing the Cr^ "^  concentration increases the relative Cr signal intensity found 
intracellularly.
Profiling into the eell shows little difference in the amount of Cr detected indicating, 
as before, that Cr passes through the cell membrane in to the cytosol.
Sputtering into the eell shows that there is little difference in the amount of Cr found 
after 15 or 30 sees.
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the cell membrane and intracellular regions at 96 hrs.
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Figure 6-26 shows how the relative Cr signal intensity varies with Cr^  ^ concentration 
over a 24, 48 and 96 hrs culture period for the cell membrane, after 15 secs of sputtering and 
after 30 sees of sputtering. This figure shows there is no increase in membrane bound Cr 
and Cr^  ^ is shown to enter the intracellular environment.
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Figure 6-27 shows the relationship between cell viability and the relative Cr signal 
intensity at 24, 48 and 96 hrs. Figure 6-27 a) shows that at 24 hrs, as the cell viability is 
decreasing, the relative Cr signal intensity remains fairly constant. At 48 and 96 hrs the 
results show that the membrane and intracellular relative Cr intensities have only slightly 
increased with time in culture.
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signal intensities and the cell viability.
6.6 Discussion
6.6.1 Cell viability
The results show that both Co^  ^ and induce a cytotoxic effect upon the 
cells. Figure 6-15 shows that the cellular response to Co^  ^ ions is not only concentration 
dependent, but also time dependent. This is in good agreement with the published literature
[20]. The Co^  ^ concentration required to reduce the cell viability by 50% (known as the 
TC50) is 500 pM, 680 pM, and 730 pM at 92, 48 and 24 hrs respectively. Figure 6-16 shows 
that, unlike the results for Co^  ^and those reported in literature, the cytotoxic effects of Cr^’*’ 
ions are concentration dependent and not time dependent. The TC50 for Cr^  ^ is 
approximately 3 mM for all three incubation times.
Comparing the effects of Co^  ^ and Cr^  ^ions, it can be seen that cells’ viability was 
more affected by Co^  ^ than by Cr^ .^ This is verified by the fact that a significantly higher 
concentration of Cr^  ^ions is required to reduce the cell viability to 50% compared to the Co^  ^
ions. The results are in good agreement with the literature which shows that Co^  ^ is more 
toxic than Cr^  ^[18,21].
Comparison of ion toxicity is not straight forward due to differences in experimental 
parameters, cell types, culture mediums, ion species and concentrations used [20,24]. A study 
by Catelas et al exposed macrophages (J774) to both Co^  ^and Cr^  ^ [20]. Their study found 
that significantly lower concentrations of Co^  ^were required to achieve the TC50; 42 pM at 
24 hrs versus 730 pM at 24 hrs in this study. For Cr^  ^their study found that -1.9 mM was 
needed to reduce the cell mortality to 50%, whereas the results shown in Figure 6-16 shows 
that this concentration results in an approximate 20% decrease in the cell viability. Issa et al 
carried out a cell viability study using two different cell lines and exposed each to a series of 
different metal ion concentrations [14]. Like Wataha et a l [80] this study showed that the cell 
viability was dependent upon the cell line used. The Co^  ^and Cr^ "^  concentrations used were 
higher than those reported by most authors although the results from Issa et al were similar. 
The reason for this is unclear but it could be due to the G292 cell lineage or any of the other 
reasons already stated.
A later study by Catelas et al with the same cell line showed a difference in the 
mortality response to both Co^  ^ and Cr^  ^ over a 24 and 48 hr period [21]. After 24 hrs of 
culture concentrations between 0 and 42 pM Co^  ^resulted in apoptosis. However after 48 hrs
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concentrations above 25 pM the predominant mode of cell death changed to necrosis. The 
results for Cr^  ^showed the predominant mode of cell death at concentrations below -938 pM 
was apoptosis. At concentrations above -938 pM the dominant mode of cell death then 
changed to necrosis. In summary, shorter incubation times with lower Co^  ^ or Cr^  ^ ion 
concentrations resulted in the non inflammatory process of apoptosis being dominant. 
Necrosis becomes the dominant mode of cell death with increased time in culture at higher 
Co^  ^or Cr^  ^concentrations. The change in the mode of cell death from apoptosis was shown 
to dramatically increase the percentage of cells dying.
The cell viability for Cr^  ^ions, shown in Figure 6-16, shows very little change when 
cultured in concentrations lower than 1 mM. The cell viability then begins to decrease 
significantly. The point at which at which the cell viability begins to decrease is similar to the 
concentration reported by Catelas et al. (-938 pM) which they found the predominant mode 
of cell death changes from apoptosis to necrosis. This could account for the drop in cell 
viability at concentrations greater than 1 mM. The effect of Co^  ^upon cell viability shown 
in Figure 6-15 does not indicate a point at which there is a change in the mode of cell death as 
the rate of cell mortality is fairly constant.
6.6.2 Co uptake
Figures 6-18, 6-19 and 6-20 show the relationship between the measured relative Co 
signal intensity and the concentration of Co^  ^over 24, 48 and 96 hrs. The figures show that 
as the Co^  ^concentration is increased, the relative Co signal intensity increases both on the 
cell surface and intracellularly after 24, 48 and 96 hrs culturing. The data suggests that Co 
binds to the surface of the cell membrane rather than being remnants of culture medium. It 
could be argued that if the Co signal from the cell surface were the remnants of residual 
culture medium, the relative Co signal intensity would not increase steadily with Co 
concentration. The relative Co intensity after 15 and 30 secs sputtering at each concentration 
is very similar for all three culture times; this is encouraging as it suggests that it is the 
intracellular environment which is being analysed. A large decrease or increase in the Co 
could bring into question whether the intracellular environment was being analysed. The 
results show that Co is able to pass through the cell membrane into the cytosol - this is in 
good agreement with published studies [18,81]. Cobalt uptake after 24 hrs in culture shows 
that the amount of intracellular Co is proportional to the Co^  ^concentration, see Figure 6-18.
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The intracellular Co uptake initially increases with concentration and reaches a pleateau 
between 300 and 600 pM where there is little increase in Co uptake with increasing Co^  ^
concentrations. Increasing the Co^  ^ concentration further shows a rapid increase in the 
relative Co signal intensity. Figure 6-19 shows after 48 hrs in culture the Co uptake also 
reaches a plateau at a concentration between 300 and 600 pM. Increasing the Co^  ^
concentration initially increases the relative Co intensity; however the highest Co^  ^
concentration shows a decrease in the intracellular Co. It is not possible to determine whether 
this Co increase and subsequent decrease at high Co^  ^concentrations is in fact an artefact or 
the result of cellular activity. Due to the problems with cellular adhesion occurring at high 
concentrations and long incubation periods, the cobalt uptake after 96 hrs only has three data 
points as shown in Figure 6-20. Despite the limited number of data points, the graph shows 
that a plateau is reached for intracellular Co uptake at lower concentrations. The reason for 
this apparent plateau is not clear. However as shown in Figure 6-15, the cell viability reduces 
rapidly at concentrations exceeding 600 pM. This can be seen at 24, 48 and to a much lesser 
extent 96 hrs culture time.
Figure 6-21 shows how the relative Co signal intensity varies with Co^  ^concentration 
over a 24, 48 and 96 hr culture period for the cellular surface as well as intracellularly. The 
amount of Co detected both on the surface of the cell as well as intracellularly is shown to 
increase with incubation time. It should be noted that Figure 6-21 a) shows that the Co 
detected on the cell surface increased with incubation time. If the Co detected on the surface 
were residual culture medium (rather than membrane bound Co), the relative Co signal 
intensity should therefore be independent of culture time. This adds further validation to the 
conclusion that Co is bound to the cell membrane. Figure 6-21 b) and c) shows that the 
intracellular relative Co signal intensity increases with culture time. This shows that the 
amount of Co passing through the cell membrane is increasing with time in vitro. This could 
be the reason behind the time dependent dose response seen in the Co^  ^ cell viability 
results. Figure 6-15.
Figure 6-22, shows that the as the cell viability reduces the relative Co signal intensity 
increases, particularly within the cell. Although this figure is similar to Figures 6-18, 6-29 
and 6-20 it is important as it establishes the connection between cellular uptake of Co and cell 
viability.
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In summary the cellular Co uptake, as determined using ToF-SIMS, shows that Co 
affects the cells in both a time and concentration dependant manner. This is in agreement 
with the Co^  ^cell viability study shown in Figure 6-15.
6.6.3 Cr uptake
Figures 6-23, 6-24 and 6-25 shows how the relative Cr signal intensity varies as a 
function of Cr^  ^concentration after 24, 48 and 96 hrs of cell culture. Figure 6-23 show that 
Cr is found on the surface of the cell. As before the signal could either be from Cr ions bound 
to the cell membrane or from residual culture medium. The relative Cr signal intensity on the 
surface of the cell increases up to a concentration of 1 mM, at which point, the relative Cr 
signal no longer increases as a function of concentration. Depth profiling into the cell shows 
an increase in the Cr signal intensity over all concentration ranges. This shows that the Cr^  ^
ions pass through the cell membrane and into the cell interior. Figure 6-23 also shows that 
after 15 secs of sputtering the intracellular relative Cr signal intensity initially increases as a 
function of Cr concentration. However the Cr signal intensity does not increase further at 
concentrations greater than 1 mM. This might suggest that the cell reaches a point whereby it 
no longer uptakes Cr. Alternatively there could be an active cellular mechanism which is able 
to effectively remove excess intracellular Cr. Sputtering further into the cell (at ~1 nm s'^
[76]) shows that as before the relative Cr signal increases up to a concentration of 1 mM, 
however after which the Cr signal intensity decreases. This is unexpected as it suggests that 
the amount of intracellular Cr varies within the cell. Figure 6-24 shows how the relative Cr 
signal intensity varies as a function of Cr^  ^concentration used after 48 hrs of cell culture. The 
figure shows that the relative Cr signal intensity on the surface of the cell does not increase 
with concentration and remains fairly constant. As before, the Cr is seen to enter the 
intracellular environment. The results for sputtering after 15 and 30 secs on the whole are 
shown to increase with Cr^  ^concentration. The relative Cr signal intensity is seen to drop at a 
Cr^  ^ concentration of 3 mM. The cause of this outlier is uncertain. There is also little 
difference between the relative Cr signal intensity after 15 or 30 secs sputtering. Figure 6-25 
shows how the relative Cr signal intensity varies as a function of Cr^  ^ concentration used 
after 96 hrs of cell culture. The results are very similar to those seen in Figure 6-24 after 48 
hrs in culture. The Cr on the cell surface does not increase with Cr^ "^  concentration whereas 
the cell intake does increase with increasing Cr^  ^concentration. In summary. Figures 6-23, 6-
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24 and 6-25 show that the relative signal intensity of Cr on the cell surface/ membrane is 
largely independent Cr^  ^ concentration. This possibly suggests that Cr does bind to the cell 
membrane and the results show remnants of Cr^  ^from the culture medium. Cr has been 
shown to enter the intracellular environment and increase, albeit not by much.
Figure 6-26 a) shows there is no increase in the relative Cr signal intensity on the cell 
membrane after 24, 48 and 96 hrs. This might suggest that Cr does not bind to the cell 
membrane. Figure 6-26 b) and c) show that Cr does pass into the intracellular environment. 
As seen on the cell membrane, higher Cr^  ^ concentrations (> 1 mM) incubated for 96 hrs 
shows an increased relative Cr signal intensity intracellularly.
Although Figure 6-27 is similar to Figures 6-23, 6-24 and 6-25, it is important as it 
establishes the relationship between the cell viability and the cellular uptake of Cr. Figure 6- 
27 a) shows that after 24 hrs in culture, and as the cell viability reduces, the relative Cr signal 
intensity on the cell membrane and intracellular regions remains fairly constant. Figure 6-27 
b) and c) shows that as the cell viability is reduced the intracellular relative Cr signal intensity 
does increase (although not significantly) after 48 and 96 hrs in culture. Although the two 
graphs follow a similar pattern the intracellular relative Cr signal intensity is greater after 96 
hrs in culture.
In summary the cellular Cr uptake, as determined using ToF-SIMS, shows that Cr 
affects the cells in concentration dependent manner and to a lesser extent the results do show 
some time dependency. The relative Cr signal intensity is shown not to increase on the cell 
membrane; this might suggest that Cr does not bind to the cell membrane. Although there 
does seem to be a slight increase in the relative Cr signal intensity in cells with longer 
incubation times, when incubated with higher Cr^  ^concentrations, the cell viability (Figure 6- 
16) is not affected by the increase Cr intake.
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6.6.4 Discussion and comparison of Cr and Co uptake
Comparing the cell viability results obtained for both Co^  ^and Cr^  ^(Figures 6-15 and 
6-16) it can be seen that Co^  ^is more cytotoxic than Cr^\ The lower toxicity of Cr^  ^could be 
due to the fact that Cr^  ^does not easily pass through the cell membrane of the G292 cells. 
The ToF-SIMS results have shown that there are lower levels of intracellular Cr compared to 
Co. Several studies have suggested that the reason for the lower Cr^  ^toxicity may be that 
cells were less able to ingest Cr^  ^ than Co^  ^ [18,24,82]. Another explanation for the 
difference between the effects of Co^  ^and Cr offered by Catelas et al. was the differences 
in their affinity with serum proteins which might influence their mechanisms of cell 
penetration and toxicity [21].
Figure 6-22 shows that the relative intracellular Co signal intensity increases as the 
cell viability decreases. Over 24, 48 and 96 hrs Figure 6-21 shows the relative Co signal 
intensity is also shown to increase. These two findings suggest that the membrane bound and 
intracellular Co are directly related to the cell viability study for Co^  ^ions. The ability of Co 
to enter the cell and an inability of the cell to effectively remove Co. Looking at Figures 6-26 
and 6-27 the relative intracellular Cr signal intensity remains constant as the cell viability 
decreases after 24 hrs in culture. After 48 and 96 hrs in culture there is a slight increase in the 
intracellular Cr as the cell viability drops.
Spatially resolving the metal ion uptake was not possible due to the tiny quantities 
within the cell. In order to maximise the metal ion signal intensity, the spatial resolution had 
to be compromised. Furthermore the cell preparation protocol was not sufficient to preserve 
the natural spatial distribution of intracellular species.
Looking at the data it can be seen that the variability in the results increases with time 
in culture as well as with the concentration of Co^  ^and C ^ \  When considering the results it 
should be remembered that the cell population is heterogeneous in terms of cytochemical 
variability, cell growth and duplication cycles. Furthermore, effects caused by prolonged 
incubation times and nutrient depletion could also have a significant impact on the uptake of 
and C^+.
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6.7 Conclusions
The cell viability study has shown that Co is more toxic than Cr which is in agreement 
with published literature. ToF-SIMS has proven to be useful in the analysis of metal ion 
uptake in cells; it has shown that Co bonds to the cell membrane and enters the cell. The 
amount of Co on the membrane or intracellularly is time and concentration dependant. The 
results for Cr, on the other hand, suggest that Cr does not bind to the cell membrane. There is 
very little increase in intracellular Cr with increasing Cr^  ^concentration or culture time. The 
result show the potential for Co^  ^and Cr corrosion products to induce cell/tissue damage in 
vivo.
ToF-SIMS has provided a very useful tool in the study of metal ion uptake in cells. 
The investigation is further proof that ToF-SIMS can provide useful clinically relevant 
information. Many of the findings in this study corroborate findings of more well established 
techniques. ToF-SIMS could prove to be an invaluable tool if used in combination with other 
established techniques and would provide further insights into developing a treatment for 
periprosthetic osteolysis as well as assessing cellular response to a wide variety of stimuli and 
drug therapies.
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7Relevance of research to Metal on Metal hip 
resurfacing
The aim of this chapter is to provide a discussion on the work in this thesis and to 
assess what the results mean for resurfacing as a class. Whilst the work has focused on Smith 
& Nephew’s BHR, the findings could be applied to many of the resurfacings or large 
diameter metal on metal bearings currently available on the market.
The work began by looking at the uptake of FBS proteins onto three similar ASTM F- 
75 alloys as a function of FBS concentration. The three samples included an AC, a SA and a 
double heat treated HIPSA. These alloys are commonly used in hip arthroplasty and there is 
significant debate surrounding their use. Countless studies have looked at the tribological 
characteristics of these alloys with conflicting results reported by a multitude of authors [1-5]. 
Much of the argument surrounds the effect of microstructure upon the tribology of these 
alloys. Interestingly, the biological ramifications of these thermal treatments have not been 
considered. Presumably it was assumed that the biological response to these alloys would all 
be the same. As we have seen in the literature the interface between the implant and tissue 
dictates the ultimate biological response from the patient [6-9]. As protein adsorption is 
regarded as the first stage in this development [6, 9], there is a link between the adsorption of 
proteins and the ultimate biological response to an implant.
Quantifying the XPS data for all three clean surfaces has shown that the samples are 
approximately the same in elemental composition. Peak fitting of the high resolution spectra 
has however highlighted some subtle yet important differences. The AC Cr2ps/2 peak shows a 
much larger oxide than metal component compared to the SA and HIPSA substrates; 
however, the SA and HIPSA samples both show a larger metallic component. This would 
suggest that the AC sample has developed a thicker passivating oxide layer than either of the 
two heat treated samples. The SA and HIPSA substrates both appear to have a similar oxide 
to metal ratio and so the thickness of the oxide layers for these two samples is likely to be
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similar. The reason for the differences in the thickness of the oxide layer might be explained 
by slight differences in the oxide composition of the samples. Post manufacturing thermal 
treatments and subsequent cooling of Co-Cr-Mo alloys produces a homogenous alloy in 
terms of its micro-structure and chemistry [10-11]. The AC sample, comparatively, would 
have slightly less Cr and C in its alpha matrix due to the higher overall carbide volume. These 
subtle differences in the amount of Cr and C could be significant enough to result in a 
difference in the oxide layer thickness. The larger passivating oxide layer seen in the AC 
sample provides the alloy with increased resistance to corrosion compared to the heat treated 
samples [12-13].
With the clean surfaces characterised protein uptake from FBS was investigated using 
adsorption isotherms on the three prepared alloy samples. The results detailed in Chapter 4 
show that there are differences in protein adsorption between the three samples. The 
adsorption isotherms show that as the FBS solution concentration is increased protein uptake 
increases up to a point at which uptake no longer increases as a function of FBS 
concentration. This saturation indicates that the adsorption of proteins leads to the formation 
of a protein monolayer on the metallic substrates. The formation of a monolayer is indicative 
of chemisorption. The results show that protein adsorption best conformed to the Langmuir 
isotherm. As the alloy is biphasic - made up of a soft alpha phase and a chromium rich 
carbide phase - the results imply that the adsorption of proteins is equivalent in the two 
regions of the surface. Comparing the three adsorption isotherms it can be seen that the heat 
treated samples have similar shapes and plateau levels, indicating that the maximum uptake 
of protein is similar for these substrates. The AC sample however shows some subtle 
differences compared with the heat treated samples. The adsorption isotherms showed that 
the AC sample developed significantly higher levels of coverage at lower concentrations. 
Furthermore, strength of interaction between the FBS proteins and the Co-Cr-Mo ASTM-F75 
samples has been shown to be strongest on the AC substrate.
The AFM data in chapter 4 has shown that the lateral distributions adopted by the 
adsorbed proteins on the three surfaces are all different. Adsorption at lower FBS solution 
concentrations shows a sparsely distributed population of proteinaceous aggregates for all 
three samples. The images show a gradual infilling of adsorption sites with proteins which 
eventually forms a proteinaceous monolayer. As the FBS solution concentration is increased 
there are differences in the adsorption on the three samples. After immersion in 10% v/v FBS 
all three samples show a continuous monolayer has formed which is in agreement with what
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is seen in the adsorption isotherms. However, the topography of the surfaees are quite 
different. The AC and HIPSA substrates are both similar in that their topography is 
characterised by monolayer of fine homogenous globular proteinaceous structures, whereas 
the proteins are heterogeneous in size for the SA sample. Finally after immersion in 100% v/v 
PBS the AC sample begins to show a heterogeneous topography with large broad protein 
agglomerates amongst the finer uniform protein structures seen at lower PBS concentrations. 
Both the SA and HIPSA samples show a similar surface topography showing two distinct 
separate regions; a uniform area with small protein agglomerates interspersed with areas with 
significantly larger heterogeneous protein agglomerates.
Quantification of the APM data shows that no statistically significant conclusions are 
able to be made from the data. One explanation for the variability seen could be the fact that 
the PBS is a multi-protein solution with numerous protein combinations and conformations 
possible. Changes in the observed morphology of protein layers could reflect differences in 
the organisation of adsorbed protein films. It is therefore possible that the stronger protein/ 
substrate interactions are the result of the protein molecules orientating themselves in such a 
way that there are a higher number of protein binding sites parallel to the surface. Contact 
angle measurements show a small difference between the AC and the heat treated substrates, 
with the AC sample having a marginally higher energy surface. As already stated, highly 
wettable surfaces have been shown to adsorb proteins more efficiently. This result is in 
agreement with the adsorption isotherms which show that pre-monolayer coverage protein 
uptake is greater on the AC sample. Whether or not this accounts for the higher protein 
uptake seen on the AC sample is not clear but it does provide a plausible explanation for the 
results. This study has shown that the adsorption of proteins on three Co-Cr-Mo ASTM-P75 
alloys - each with a near identical composition and surface finish - has been found to be 
influenced by post-manufacturing thermal treatments. The results of three separate techniques 
including XPS, APM and contact measurement all show that the adsorption of PBS proteins 
onto three Co-Cr-Mo ASTM-P75 samples with different microstructures may be different. 
The connection between the adsorption of proteins and the ultimate biological response to the 
implant has already been outlined in the literature review. Therefore it is reasonable to 
conclude that the way in which the alloy interacts and integrates with tissue may be different. 
In order to ascertain which of the Co-Cr-Mo ASTM P75 alloys would achieve a superior 
tissue/implant interface, further investigation would be necessary. It should be noted that 
these observations should not be taken as an indication of the in vivo behaviour in biological
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fluids, as the measurements refer to dried surfaces. However, the results are still 
representative of differences in the response to adsorption. Whilst it is acknowledged that you 
wouldn’t necessarily have conditions in vivo whereby there is a significant change or 
reduction in protein concentration, the results do have clinical significance. Rather than 
looking at the tissue/implant interface, several studies have reported that the adsorption of 
protein onto the articulating surfaces of hip replacements can act as a solid lubricating layer 
between the surfaces [14-17]. This lubricating layer would separate the surfaces and prohibit 
a boundary lubrication regime, and thus would have a beneficial effect on the wear of the 
prosthesis. Another aspect associated with protein adsorption is corrosion - several studies 
have shown that the adsorption of proteins effects corrosion [14, 18-21]. Whether or not the 
adsorption of proteins inhibits or accelerates corrosion is still debated in the literature. This 
suggests that protein adsorption is of great significance, not only affecting the ultimate tissue 
response to the implant, but also on the wear and the corrosion of implant. The differences 
seen in the protein adsorption of these three identical Co-Cr-Mo alloys suggest that not only 
is the way they integrate with tissues different, but that the wear and corrosion might also be 
influenced. Whilst there are numerous other factors which are likely to be involved in the 
wear and corrosion of these alloys (some of which are likely to be more significant), it is 
possible that the adsorption of protein is at least a contributing factor.
This work was then followed by an analysis of the clinical data of two resurfacings 
systems -  the heat treated McMinn resurfacing and the as cast BHR. The McMinn 
resurfacing was subjected to post manufacturing thermal treatments between 1994-6 to 
reduce porosity and factory scrap rates [22]. These resurfacings suffered from a high failure 
rate and the product was subsequently removed from the market. The high failure rate 
amongst these heat treated McMinn resurfacings was attributed to the post manufacturing 
thermal treatments which reduced the overall carbide volume fraction. It is thought that the 
reduction in the overall carbide volume fraction reduced the wear resistance of the prostheses 
[1-2, 22]. The post manufacturing thermal treatments used were the same as those used in the 
protein adsorption study (SA & HIPSA). This resulted in high instances of metallosis, 
osteolysis, and acetabular component loosening [1-2, 22]. The clinical data and wear results 
of a small cohort of patients who had received either a heat treated McMinn resurfacing or a 
BHR was compared. Due to the small number of patients in each group, missing data, and 
significant differences in the patient populations in the two groups it was not possible to 
conclusively determine whether or not the heat treated McMinn resurfacing had higher levels
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of wear. There was a significant disparity in the wear results of the heat treated McMinn 
resurfacings. Some of these resurfacings had been subject to very high levels of linear wear 
whereas some of the parts had very low levels of wear. Why some parts would experience 
very high levels of wear and some very low is unclear. It could be related to patient selection, 
prosthesis size, or the fact that some of the prosthesis were single and double heat treated. 
However what is clearly shown is that for some patients the heat treated McMinn 
resurfacings do perform well, in terms of low wear. The reason as to why these retrievals 
have experienced low levels of wear is unknown. Unfortunately there are too many factors 
involved when comparing these clinical results (particularly with incomplete data and a small 
sample set) to determine if the heat treated samples are subject to higher levels of wear than 
AC parts. Whether or not increased protein adsorption on the AC BHR sample is a factor in 
the lower overall linear wear remains to be determined. There are numerous factors which 
affect in vivo wear, and to determine if there is a relationship, in vitro experimentation might 
allow a clearer relationship to be exposed.
The articulating surfaces of the two resurfacing systems were investigated using SEM 
for evidence of degradation and corrosion. There has been much work carried out 
investigating the corrosion of both THR and resurfacings [12, 22-25]. There have however 
been comparatively few studies which have looked at the articulating surfaces for evidence of 
corrosion. A large number of retrieved heat treated McMinn resurfacings and BHRs were 
studied using SEM to look for evidence of degradation and corrosion of the articulating 
surfaces. Pitting was evident on 40.4% of the BHR retrievals and on 29.6% of the heat treated 
McMinn resurfacings. This is interesting in light of the fact that a larger chromium oxide 
layer was seen in the AC sample. The alloy used for the BHR was chosen based on its 
historically successful use in THRs such as the McKee-Farrar and Ring. There have been a 
few studies which have looked at the articulating surfaces of retrieved components, but none 
have mentioned any evidence of pitting [26-27]. This could be due to the fact that there have 
only been a few studies carried out and it is possible that the surfaces were not extensively 
investigated and were thus overlooked. If, however, corrosion pits are not occurring on these 
successful THRs this suggests that the success of these prostheses was in part due to another 
factor which has not been reported. Corrosion pits first became evident in the retrievals after 
6 months in vivo. This would be considered to be during the running in phase where a higher 
level of wear is seen.
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There were two types of pits seen on the articulating surfaces of both resurfacings; the 
most common type was generally circular in shape. Although these pits were small in size 
they were often found across large areas in a high density. Some samples show that areas 
adjacent to the carbide are particularly susceptible to localised attack. This could be due to 
preferential leeching of chromium and molybdenum from the matrix into the carbide during 
solidification which is known as sensitisation [28-29]. EDX analysis was unable to determine 
if there was chromium depletion in areas adjacent to the carbides. Although chromium 
depletion due to sensitisation is not shown this could be due to the ~1 pm lateral resolution of 
EDX. Authors have reported that the chromium depleted region to be in the region of 20 nm 
[28-29].
Corrosion pits which were typified by an irregular morphology were also seen on the 
articulating surface. These irregular pits were seen to appear in clusters, growing outwards, 
pointing towards a similar direction. These types of pits have not been reported in literature to 
date and were generally significantly larger and deeper than the pits seen so far. The reasons 
for this could be associated with the in-vivo orientation in combination with reciprocating 
motion between the articulating surfaces of the prosthesis. The fact that the pits seems to start 
from a single point could and grow outwards might suggest that the corrosive environment is 
maintained and progresses, in part, with gravity, or perhaps due to the relative motion 
between the articulating surfaces. Unfortunately due to a lack of information it is not possible 
to determine the components exact in-vivo orientation. The extent of these types of pits can 
be very severe with the removal of significant amounts of the articulating surface.
Pitting corrosion was also seen on BHR samples which have been tested in vitro using
wear simulators. Despite only a small number of wear simulator samples being studied and
only at two points in time, it was evident that the corrosion pits were produced under in vitro
testing. The fact that corrosion pits seen in explanted hip resurfacings are also seen in
resurfacings from wear simulators suggests that the mechanism and/or environment which
produce these pits are replicated during in vitro testing. Despite the differences between in
vivo and in vitro conditions the wear and corrosion morphology has been shown to be very
similar. Nonetheless pitting only became evident in explanted samples after 6 months in vivo
whereas extensive pitting was seen after 5000 cycles. This suggests that wear simulators
create a more aggressive or corrosive environment that seen in vivo. The fact that pitting was
seen at both 5000 cycles and 1 million cycles shows that the corrosion is an ongoing process
and that the passive oxide layer is not repassivating in these regions.
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Plastic deformation and damage to carbides was seen on some sample surfaces. The 
deformation was generally over a large area. This type of damage was evident on 8 (7.9%) of 
the BHR samples and on 1 (3.7%) of the heat treated McMinn resurfacings. Samples which 
showed evidence of plastic deformation over a relatively small or narrow area could have 
been caused during or after the extraction of the implant. The finding suggests that prior to 
failure the fluid film lubrication had broken down resulting in deformation and strain induced 
transformations caused by contact between the articulating surfaces. Strain induced changes 
can cause changes to the crystallography from a metastable state at room temperature [30- 
31]. CoCrMo alloys are predominately face-centred-cubic (FCC) alloys [22]. A phase change 
from FCC to hexagonal close-packed (HCP) can be induced dynamically during plastic 
deformation occurring during machining, finishing and in vivo articulation [22, 30-31]. The 
literature has shown that high carbon alloys inhibit strain induced phase transformations due 
to the FCC stabilising effect of carbon [30-31]. If wear followed a deformation controlled 
mechanism a difference in the matrix content of carbon content could be responsible for 
differences seen between as cast and heat treated resurfacings. As the heat treated McMinn 
resurfacing is more homogenised in terms of its composition, it should therefore should have 
a greater carbon content within the matrix. This could be why less instances of strain induced 
transformations and twinning have been noted in the AC BHR retrievals.
Damage to the carbide phase was seen on both resurfacing systems. Damage, be it 
corrosive or mechanical - which results in partial or total carbide pull out - can have a 
detrimental effect on wear. Although some authors have stated that carbide pullout is a 
significant problem very little evidence of it occurring was seen in this study. That is not to 
say that it isn’t detrimental to wear but rather it rarely occurred and there are other processes 
occurring which are likely to have a far greater impact on wear.
The location of the corrosion pits has been shown to occur in areas ranging from the
pole of the resurfacing to its equator. Corrosion pits first became evident after 6 months in
vivo in an area inclined approximately 10 -  15° from the vertical towards the midline of the
body. As time in vivo increases it can be seen that corrosion pits become evident in other
parts of the articulating surface with numerous retrievals showing pitting in multiple areas.
With increasing time in vivo the wear patch grows out radially out from the PWP. Areas with
the highest occurrence of pitting correspond to most polar part of the formal head which
roughly coincides with the PWP where the resultant force of the patient’s weight passes. If
the location of the wear patches does coincide with PWP, this may indicate that the observed___
pits are, in part, the result of mechanically assisted process. Results show little difference in 
the location of the pits for the BHR and heat treated McMinn resurfacings.
The reported analysis on the articulating surfaces of retrieved resurfacings is only half 
of the picture as the acetabular cups were not investigated due to difficulty in imaging them 
in the SEM. The reported occurrence of corrosion of the articulating surfaces is also likely to 
be higher as only a relatively small portion of the articulating surface has been studied. Also 
these retrieved prostheses have had to be removed and are likely to be performing sub- 
optimally due to factors such as loosening and edge loading. It is possible that much of the 
corrosion and degradation seen on articulating surfaces is due to reasons which otherwise 
would not be expected to occur in a well inserted and well performing prosthesis. Despite 
this, pitting was seen to occur on the articulating surfaces of BHR resurfacings after wear 
simulator tests. However, numerous studies have reported higher levels of wear in thermally 
treated parts. The generation of a larger number of wear particles increases the surface area 
susceptible to corrosion.
The evidence of corrosion and wear on the articulating surfaces of metal on metal 
resurfacings is of great concern. There is heightened concern over the consequences of 
elevated metal ions within patients due to increasing reported instances of metallosis, pseudo­
tumours and loosening due to ALVAL. Furthermore there have been several recent high 
profile product recalls of metal on metal bearings/resurfacings. Considering the extensive 
corrosion seen in some of retrieved resurfacings and the heightening concern surrounding 
metal on metal bearings it is therefore more important to study the consequences of metal ion 
uptake in cells.
ToF-SIMS was chosen to study the uptake of metal ions in an immortal osteosarcoma 
cell line (G292). Although the responses from the immortal cell line might not be fully 
representative of normal (mortal) cells the results give an indication of what might be 
expected. Furthermore the development and validation of the protocol will enable future 
studies using different cell lines to be carried out. ToF-SIMS is a suitable technique as it 
enables identification and localisation of chemical elements and complex molecules. 
Furthermore ToF-SIMS is an extremely surface sensitive technique.
The cell viability results show that both Co^  ^and Cr^  ^induce a cytotoxic effect upon 
the cells. The cellular response to Co^  ^ions is not only concentration dependent but also time 
dependent. Unlike the results for Co^  ^ the results obtained have shown that the cytotoxic
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effects of ions are concentration dependent but not time dependent. Results show that 
Co^  ^is more toxic than Cr^ .^
The ToF-SIMS results suggest that Co binds to the surface of the cell and is able to 
pass through the cell membrane into the cytosol. The relative Co signal intensity varies with 
Co^  ^concentration over a 24, 48 and 96 hours culture period for the cellular surface as well 
as intracellularly. The amount of Co detected both on the surface of the cell as well as 
intracellularly is shown to increase with incubation time. The signal intensity of Co on the 
cell surface increased with incubation time. If the Co detected on the surface was residual 
culture medium (rather than membrane bound Co), the relative Co signal intensity should 
therefore be independent of culture time. This adds further validation to the conclusion that 
Co is bound to the cell membrane. The intracellular relative Co signal intensity has been 
shown to increase with culture time. This shows that the amount of Co passing through the 
cell membrane is increasing with time in vitro.
The cell viability has been shown to reduce as the relative Co signal intensity 
increases, particularly within the cell. This establishes the connection between cellular uptake 
of Co and cell viability. In summary the cellular Co uptake, as determined using ToF-SIMS, 
shows that Co affects the cells in both a time and concentration dependant manner. This is in 
agreement with the Co^  ^cell viability study.
No significant increase in the relative Cr signal intensity on the cell membrane was 
observed over 24 and 48 hours in culture. As the Cr^  ^ increases the relative Cr signal 
intensity does not increase significantly with time. There may, however, be a slight increase 
in the Cr signal intensity at concentrations greater than 2 mM. This suggests that Cr does not 
bind to the cell membrane. Cr has been shown to pass into the intracellular environment. 
Higher Cr^  ^ concentrations (> I mM) incubated for 96 hours show an increased relative Cr 
signal intensity intracellularly.
After 24 hours in culture and as the cell viability reduces, the relative Cr signal 
intensity on the cell membrane and intracellular regions remains fairly constant. As the cell 
viability is reduced the intracellular relative Cr signal intensity does increase (although not 
significantly) after 48 and 96 hours in culture. Although the two graphs follow a similar 
pattern the intracellular relative Cr signal intensity is greater after 96 hours in culture. In 
summary the cellular Cr uptake, as determined using ToF-SIMS, shows that Cr affects the 
cells in a concentration dependant manner and to a lesser extent the results do show some
- 2 0 9 -
time dependency. The relative Cr signal intensity is shown not to increase on the cell 
membrane; this might suggest that Cr does not bind to the cell membrane. Although there 
does seem to be a slight increase in the relative Cr signal intensity in cells with longer 
incubation times, when incubated with higher Cr^  ^ concentrations, the cell viability is not 
affected by the increased Cr intake.
ToF-SIMS as a method of studying in-vivo metal ion uptake in cells has shown that 
the technique is capable of providing clinically relevant studies. Further to this some of the 
findings are in agreement with more established techniques. For the purposes of carrying out 
comparative in-vivo studies into the effect metal ion uptake, ToF-SIMS could be an 
invaluable tool.
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8 Conclusions
Of the three CoCrMo ASTM F-75 alloys, the AC sample has been shown to 
have a thicker chromium oxide layer than the heat treated substrates. However, the reason for 
this is not clear. It may be attributable to the differences in the oxide composition due to as a 
result of differences in the overall carbide volume fraction. This larger passivating oxide 
layer suggests that the AC sample has greater corrosion resistance.
The experimental data suggests that the application of post-manufacturing thermal 
treatments has an influence upon the adsorption of proteins on Co-Cr-Mo ASTM-F75 alloys. 
It is therefore possible that the ways in which the three samples integrate with tissue are 
different, and also suggests that a different tissue/implant interface can be achieved on 
samples which have an identical composition and surface finish. The question of which of 
these alloys would achieve a superior tissue/implant interface will require further 
investigation. Literature suggests that protein adsorption may also affect wear by way of 
establishing a lubricating layer as well as corrosion. The role of protein adsorption may be far 
more significant than currently considered.
Based on the incomplete and small number of clinical results in this study it has not 
been possible to draw any conclusions as to whether or not the heat treated McMinn 
resurfacing has a higher wear rate than the as cast BHR. This is due to the numerous complex 
and multi-factorial interactions associated with the clinical performance of resurfacings. Data 
from the Australian Joint Registry and some of the larger clinical investigations detailed in 
the literature review have shown that the BHR has performed, and continues to perform, 
significantly better than the heat treated McMinn resurfacings.
Pitting has been shown to occur on both the thermally treated McMinn and the as cast 
BHR resurfacing systems. The extent of pitting corrosion seen on the articulating surface of 
the thermally heat treated McMinn resurfacing is less than that seen on the as cast BHR. This
_ _ _
is interesting in light of the fact that a larger chromium oxide layer was seen in the AC 
sample. This demonstrates that the thicker oxide layer does not provide resistance to this 
form of localised attack; this could be due to the micro-structural and compositional 
homogeneity of thermally heat treated parts. Pitting is not localised to one specific area on the 
articulating surfaces. Pits have been shown to occur from approximately 6 months in vivo 
onwards which suggests that repassivation of the surface does not seem to occur in these 
localised regions.
The cell viability study has shown that Co is more toxic than Cr which is in agreement
with published literature. ToF-SIMS has proven to be useful in the analysis of metal ion
uptake in cells. The questions set out to be answered in Chapter 1 are listed below.
• Do metallic ions enter the cell or do they act/ bind to the membrane?
• Is there a preferential cellular uptake of either Cr or Co?
• Is there a concentration or time dependence of uptake?
• Can the uptake of such ions be spatially resolved within the cell?
It has shown that Co bonds to the cell membrane and enters the cell. The amount of 
Co on the membrane or intracellularly is time and concentration dependant. The results for 
Cr, on the other hand, suggest that it does not bind to the cell membrane. There is very little 
increase in intracellular Cr with increasing Cr^’*’ concentration or culture time. The results 
show the potential for Co^  ^and Cr corrosion products to induce cell/tissue damage in vivo. 
It wsa not possible to spatially resolve the metal ion uptake in cells. In order to maximise the 
metal ion signal intensity, the spatial resolution had to be compromised. Furthermore the 
sample preparation was not sufficient to preserve the cell in its living condition.
ToF-SIMS has provided a very useful tool in the study of metal ion uptake in cells. 
The investigation is further proof that ToF-SIMS can provide useful clinically relevant 
information. Many of the findings in this study corroborate findings of more well established 
techniques. ToF-SIMS could prove to be an invaluable tool if used in combination with other 
established techniques and could provide further insights into developing a treatment for 
periprosthetic osteolysis, as well as assessing cellular response to a wide variety of stimuli 
and drug therapies.
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9 Further work
9.0 Introduction
This chapter is intended to detail further work which would advance the 
investigations in this thesis. Although this work has been focused on the BHR the work 
could be applicable to any large diameter metal on metal bearing.
9.1 Protein adsorption
Functionalisation of an AFM tip would provide another method of determining the 
strength of the interaction between FBS proteins and the Co-Cr-Mo ASTM-F75 substrates. 
This would then enable the values of the calculated b constant shown in Table 6 (Chapter 4) 
to be verified and would also give further credence to the method of using the ‘knee’ of the 
isotherm as an indicator of the interaction energy.
After protein adsorption has occurred cells begin to migrate to the area. Studying the 
cellular attachment to the three substrates would be the next logical step in giving further 
insight into the differences (if any) in the biological response to the substrates. This could be 
achieved by seeding cells onto the substrates, centrifuging the substrate at different speeds, 
and counting the number of remaining cells.
Studying cellular morphology could also give further insights into differences in 
cellular response. Cellular morphology could be preserved using a number of different 
techniques such as critical point drying. Light and electron microscopy could then be used to 
study the morphology and fine cellular structures.
As stated in the literature the adsorption of proteins is thought to have an effect on the 
wear and corrosion of metal on metal articulations. The question as to whether or not the
stronger protein/substrate interaction seen in the AC sample would aet as a solid lubricating
_ _ _
layer and reduce the wear would be problematic. Due to numerous confounding factors, using 
in vitro or in vivo tests to investigate this on an actual product would always leave uncertainty 
-  were the clearances the same, physiological relevance or accuracy of wear simulator cycle, 
patient variability, to name but a few. A simple test to determine the coefficient of friction 
under a physiologically representative fluid would answer this question. Studying the 
relationship between protein adsorption and corrosion on these three alloys also suffers from 
the problems mentioned above. In addition the breakdown of the passivating layer and 
corrosion is likely to be mechanically assisted by the way in which the surfaces articulate. To 
study the effect of protein adsorption on corrosion the open circuit potential of the three could 
be investigated as a function of protein serum concentration. This of course would not be 
representative of an in vivo environment but would give greater insight into the protein 
adsorption/corrosion relationship.
9.2 Corrosion and clinical performance of the BHR
The clinical comparison and assessment of the BHR to the heat treated McMinn 
resurfacings was not possible due to the large disparities in the patient population. Other 
studies with greater sample numbers along with registry data show the BHR to be class 
leading. A better comparison could have been made if the sample number had been greater 
and the patient data complete. Obtaining all data specific to the BHR and heat treated 
McMinn resurfacings from the joint registries is possible and would have allowed for a far 
more in depth study.
The decision to use the AC CoCrMo ASTM F-75 alloy for the BHR was based on its 
historically successful use in several large metal on metal THRs. It would have been 
beneficial for the purposes of comparison to examine the articulating surfaces of these 
successful THRs for evidence of corrosion and surface degradation.
Investigating the effect of the phase upon the wear, corrosion and surface degradation 
could potentially yield some very interesting results. Using wear simulators and a technique 
such as neutron diffraction would enable the study of any changes in the phase of the alloy.
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9.3 Cellular uptake with of metal ions with ToF-SIMS
The work detailed in Chapter 6 uses an immortal cell line which is not fully 
representative of how healthy cells would behave. With a robust methodology and protocol 
developed it is proposed to take healthy cells taken from a biopsy and to culture them with 
Co^  ^and Cr This would give a greater insight in to the in vivo response to Cr and Co ions. 
Further to this multiple bone cell types could be analysed e.g. osteoclasts, osteocytes, 
osteoblasts. Looking at these particular bone cells might determine if there is a preferential 
uptake in a particular cell type. For example, periprosthetic osteolysis leading to component 
loosening is a common problem in metal on metal bearings. This could be due to differences 
or imbalances in the response to metal ions by osteoclasts and osteoblasts.
The use of flow cytometry in parallel to the above work would give greater insight 
into the cellular response to Co and Cr. Flow cytometry is a very accurate and sensitive test 
for measurement of apoptosis and necrosis. Determining whether apoptosis or necrosis is 
occurring for a given Co or Cr concentration would give insight into biochemical, 
physiological and morphological impact of metal ions upon the cells. Furthermore necrosis is 
known to result in a loss in regulation of ion homeostasis and membrane integrity, and results 
in total cell lysis. The intracellular Co and Cr detected could either be the result of a specific 
pathway or of the breakdown of the cell membrane. Knowing the point at which necrosis 
becomes the predominant mode of cell death would allow greater understanding of the ToF- 
SIMS data.
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Abstract Post-manufacturing thermal treatments are 
commonly employed in the production of hip replacements 
to reduce shrinkage voids which can occur in cast com­
ponents. Several studies have investigated the conse­
quences of these treatments upon the alloy microstructure 
and tribological properties but none have determined if 
there are any biological ramifications. In this study the 
adsorption of proteins from foetal bovine serum (FBS) on 
three Co-Cr-Mo ASTM-F75 alloy samples with different 
metallurgical histories, has been studied as a function of 
protein concentration. Adsorption isotherms have been 
plotted using the surface concentration of nitrogen as a 
diagnostic of protein uptake as measured by X-ray photo­
electron spectroscopy. The data was a good fit to the 
Langmuir adsorption isotherm up to the concentration at 
which critical protein saturation occurred. Differences in 
protein adsorption on each alloy have been observed. This 
suggests that development of the tissue/implant interface, 
although similar, may differ between as-cast (AC) and heat 
treated samples.
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1 Introduction
Co-Cr-Mo alloys are one of the most commonly used 
materials for hip arthroplasty and are favoured for their 
desirable mechanical properties, corrosion resistance, wear 
resistance and biocompatibility. This alloy is used in a 
variety of conditions which are dependent upon the 
composition, manufacturing methods, and post-manufac­
turing thermal treatments [1]. High carbon AC Co-Cr-Mo 
alloys are biphasic containing a matrix phase rich in 
cobalt, chromium, and molybdenum and a carbide phase 
rich in chromium, molybdenum and carbon [2]. The AC 
alloy microstructure contains large blocky carbides and 
has an overall carbide volume fraction of 5% [1, 3]. AC 
Co-Cr-Mo alloys may contain defects known as shrink­
age voids which can reduce the overall mechanical 
properties of the material under certain loading conditions 
[1]. Thermal treatments such as hot isostatic pressing 
(HIP) and solution annealing (SA) have been employed to 
fully densify and therefore improve the mechanical 
properties of the alloy [1, 4]. In addition the post manu­
facturing thermal treatments render the alloy easier to 
machine [5].
The HIPing parameters of AC Co-Cr-Mo alloys subject 
the component to a temperature of 1,200°C for four hours 
in an inert atmosphere. The components are then quenched 
in argon at a rate of approximately 8-10°C per minute at an 
isostatic pressure of approximately 103 MPa [1, 2]. This 
process produces finer agglomerated and lamellar carbides 
with a reduced overall volume fraction (approximately 
2.3% [1]) [5]. The procedure for SA of Co-Cr-Mo alloys is 
similar to that of HIPing however after heating for 4 h at 
1,200°C the component is rapidly quenched to 800°C in 
less than 8 min (50°C per minute) [1, 2, 5]. The conse­
quence of the rapid quenching restricts the reprecipitation
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of the carbide phase dramatically reduces the overall vol­
ume fraction of the carbide phase [1, 2, 5].
Tribological studies have shown that lower levels of 
wear exhibited by AC Co-Cr-Mo alloys have been 
attributed to their higher overall volume fraction of car­
bides [1, 6]. Much work has been carried out to investigate 
the consequences of thermal treatments upon the mechan- 
ical/tribological characteristics of an alloy [1, 2, 7, 8], but 
little has been done to study what, if any, biological ram­
ifications exist as a result of metallurgical conditions.
Materials interact with their environment through their 
interfaces. The development of the tissue/implant interface 
is crucial in determining the ultimate biological response to 
the implant [9]. It is widely acknowledged that one of the 
initial events that occurs when an implant is introduced into 
a patient is the adsorption of proteins from the surrounding 
blood and tissue fluids [9, 10]. As the tissue/implant 
interface develops, cells eventually reach the surface; at 
this time they are presented not with the surface of the 
implant but with a proteinaceous layer to which they bind 
via membrane receptors [11]. The type and conformation 
of the proteins will determine which cells bind to the site.
This study investigates the adsorption of proteins from 
foetal bovine serum (FBS) on a Co-Cr-Mo alloy manu­
factured to the following specifications stipulated in 
ASTM-F75. ASTM-F75 is a standard specification for Co- 
Cr-Mo surgical implant applications which, amongst other 
things, cover the alloy’s composition (see Table 1). Three 
samples, each with a different post-manufacturing thermal 
history, have been used: AC, SA, and HIPSA.
Table 1 Chemical compositions as set out by ASTM-F75 98 and 
ISO 5832 Part 4
Element Composition, % (Mass/mass)
Min Max
Chromium 27 30
Molybdenum 5 7
Nickel - 0.5
Iron - 0.75
Carbon - 0.35
Silicon - I
Manganese - 1
Tungsten - 0.2
Phosphorous - 0.02
Sulfur - 0.01
Nitrogen - 0.25
Aluminium - O.I
Titanium - 0.1
Boron - 0.01
Cobalt Balance Balance
In the present study, the aim is to investigate the 
adsorption of proteins from FBS on Co-Cr-Mo ASTM-F75 
alloy specimens to determine if post-manufacturing ther­
mal treatments of an implanted material have any influence 
on the way protein adsorption occurs. Differences in the 
way in which proteins adsorb onto the surface, if they exist, 
would suggest that the development of the tissue/implant 
interface is dependent upon the metallurgical history of the 
alloy. Furthermore, as the tissue/implant interface devel­
ops, the way in which the alloy integrates with tissues 
could be influenced by post-manufacturing thermal 
treatments.
1.1 Adsorption and fractional coverage
In surface science fractional coverage, 6, is used to express 
the quantity of material adsorbed onto a surface as a 
function of monolayer coverage. This is the ratio between 
the number of occupied adsorption sites (N) to the total 
number of sites available for adsorption (Ns). In terms of 
classical surface adsorption theory it is usual to consider 
gas phase adsorption at constant pressure; fractional cov­
erage can then be described by the ratio between the vol­
ume of gas adsorbed (V) relative to the volume of gas 
adsorbed at monolayer coverage (%») [12].
' - r i
More recently adsorption from the liquid phase has been 
studied by constructing adsorption isotherms by measuring 
the amount of material retained on a surface once removed 
from the liquid solution. The use of XPS in this way was 
pioneered by Castle and Bailey [13] and was subsequently 
extended to ToF-SIMS by Abel et al. [14]. The 
experimental requirements of this approach have been 
reviewed by Watts and Castle [15].
In this work XPS has been used to calculate the frac­
tional coverage based on the surface concentration of an 
element diagnostic of the adsorbate. There have been 
numerous XPS studies which have used nitrogen as a 
protein marker [16-18]. Chromium was used as the diag­
nostic substrate marker to establish the XPS signal atten­
uation as the adsorbed protein overlayer thickness 
increased. Fractional coverage was determined by quanti­
fying the XPS spectrum and plotting the surface concen­
tration of the adsorbate as a function of FBS concentration; 
this is the liquid phase/XPS version of the well known gas 
phase adsorption isotherm derived in the next section.
1.2 Adsorption isotherms
Adsorption is commonly described using isotherms which 
indicate the amount of adsorbate retained on the substrate
^  Springer
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surface as a function of solution concentration, at a con­
stant temperature. The kinetics of adsorption can also be 
studied, and consideration of both provides an indication 
of the kinetics and thermodynamics of the adsorption 
process. In practice it is usual to establish the position of 
kinetic equilibrium and then conduct the thermodynamic 
investigations.
Adsorption isotherms provide useful information 
regarding surface coverage and the mechanism of adsorp­
tion [16]. Adsorption can be achieved through either 
chemisorption or phy si sorption, which depends upon the 
type of bond formed between the adsorbate and the 
substrate.
Phy si sorption is a result of van der Waals forces which 
are generally long range but weak. The enthalpy of 
adsorption is considered to be less exothermic than 
—25 kJ mol“ *. Chemisorption is characterised by a stron­
ger interaction between the adsorbate and substrate. 
Stronger secondary and even primary bonds (ionic, metal­
lic, or covalent) are formed, generally with an enthalpy of 
adsorption more negative than —40 kJ mol“  ^ [15]. An 
important difference between the two modes of adsorption 
is their response to heat. Increasing the temperature will 
lead to a decrease in the amount of material physisorbed, 
but an increase in the amount of material chemisorbed, 
since chemisorption is an activated process. Another sig­
nificant difference between physical and chemical adsorp­
tion is related to the saturation level of the adsorbed species. 
Chemisorption can only ever achieve monolayer formation 
as adsorption ceases when the adsorbate can no longer make 
direct contact with the substrate. However, physisorption 
has no such restriction and so is able to form multilayers of 
many molecules thick. It is possible for an initial chemi­
sorbed layer to act as a substrate for further material to 
be physisorbed as described by the well-known BET 
isotherms.
There are many models describing chemisorption, each 
with different assumptions used to derive the expressions 
for surface coverage. Commonly used isotherms include 
the Langmuir, Temkin and Freundlich isotherms.
The Langmuir isotherm is the simplest isotherm and is 
based on the following assumptions:
• Multilayer coverage is not possible.
• All adsorption sites are equivalent.
• The probability of the adsorption of a molecule is 
independent of neighbouring sites being occupied or 
otherwise.
• The enthalpy of adsorption remains constant as a 
function of fractional coverage (6).
Using these assumptions the fractional monolayer cov­
erage, (0), in gas phase adsorption studies at pressure, (P), 
can be expressed as follows:
bP
l+ bP (2)
where b is the ratio of the rate constants for adsorption and 
desorption and is related to both the enthalpy of adsorption 
and temperature. The constant b is usually expressed as:
b = bo exp{Q/RT) (3)
where bo is a frequency factor, Q is the interaction energy, 
R is the gas constant and T is the temperature. Replacing a 
with VIVfn (Eq. 1), Eq. 2 can be rearranged to give:
P _  J _  P_
(4)
The Temkin and Freundlich isotherms are based on the 
observation that the more energetically favourable sites 
(those with a more negative enthalpy of adsorption) are 
occupied first by the adsorbate. The Temkin isotherm 
assumes that adsorption enthalpy changes linearly with 
coverage. The Temkin isotherm is represented as:
0 = Cl ln(c2F) (5)
where Ci and cg are constants. The Freundlich isotherm 
assumes that the adsorption enthalpy varies logarithmically 
with gas pressure and is given by:
Clpl/c2 (6)
Adsorption isotherms are expressed in the present study 
as the amount of adsorbate on the substrate as a function of 
solution concentration. For liquid phase adsorption 
measured using XPS the Langmuir adsorption equation 
can be expressed as:
c l c
X bTm r„ , (7)
where c is the solution concentration, x is the uptake as 
measured by XPS and F,„ is monolayer coverage i.e. the 
maximum uptake as measured by XPS. The test of 
conformity of experimental data to the Langmuir 
isotherm is achieved by plotting c/x against x. 
Compliance to the isotherm will result in a straight line 
with a gradient of 1/F„, and an intercept of 1/0F,,,. For 
liquid phase adsorption the Temkin equation 5 becomes:
0 =  Z? In c (8)
and a plot of x against In c will exhibit a straight line to 
show its conformity. Finally, the Freundlich isotherm is 
expressed as:
0 =  bc^ /^^  (9)
Testing the conformity of experimental data to the 
Freundlich is achieved via a plot of logx against loge. If the 
data obeys the Freundlich isotherm, a straight line will result.
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Although there are many isotherms [19], the Langmuir 
and Temkin have been shown to be the most widely 
applicable in determination of adsorption isotherms by 
means of surface analysis [15].
2 Materials and methods
2.1 Specimen preparation
The three Co-Cr-Mo ASTM-F75 alloy samples included 
an AC sample, the second sample had undergone SA post­
manufacture; the third had been treated by HIPing followed 
by SA; HIPSA. Coupons were cut from the samples with a 
10 mm diameter and 2 mm thickness. Samples were pol­
ished to provide an unblemished mirror finish using a water 
based colloidal silica suspension with an average particle 
size of 0.04 pm. The polished coupons were then cleaned 
in an ultrasonic bath with deionized water, methanol and, 
finally, acetone for 5 min each. After cleaning the samples 
were allowed to dry in a dessicator.
2.2 Foetal bovine serum
Protein solutions were prepared using FBS (Sigma-Aldrich, 
Poole, UK) with a total protein content of between 4.0 and
4.3 g dL“ ‘. Solutions were made up using a serial dilution 
method with deionised water and FBS. A series of eight 
FBS concentrations varying from 100 to 10“^% v/v were 
used. The coupons (once clean) were then placed in 5 ml of 
the protein solution for 30 min to allow sufficient time for 
adsorption to occur. Subsequently the coupons were 
removed from the FBS solution and were gently rinsed
using Milli-Q water to ensure that any unbound proteins 
were removed. The same batch of FBS was used to ensure 
the quantity of proteins in solution was kept constant.
2.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy analysis was conducted 
using a modified VG Scientific ESCALAB Mkll electron 
spectrometer equipped with a Thermo Alpha 110 electron 
energy analyser and a Thermo XR3 digital twin anode 
X-ray source. The twin anode was operated using A1 Ka 
X-ray photoelectron spectroscopy radiation at 300 W. 
Survey spectra over 0-1,350 eV were obtained using a pass 
energy of 50 eV while high resolution spectra were 
obtained using a pass energy of 20 eV. The control of the 
spectrometer and subsequent data processing was carried 
out using the manufacturer’s software. Avantage (Ver. 
4.37). For quantification, a Shirley background was sub­
tracted from the spectra. To reduce damage due to the 
radiant heat from the twin anode to the delicate adsorbed 
proteinaceous layer the X-ray photoelectron spectroscopy 
source was operated 30 mm from the sample surface. For a 
given FBS concentration three identical samples were 
prepared and analysed in order to ensure repeatability. The 
average value obtained from three samples was used to plot 
the adsorption isotherms.
3 Results
Figure 1 shows the XPS survey spectrum from a polished 
AC Co-Cr-Mo ASTM-F75 sample. As can be seen the 
spectrum is dominated by strong signals originating from
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T a b le  2  C o m p o sitio n s  o f  the c lea n  C o -C r -M o  A S T M -F 7 5  sam p les
S u rface  con cen tration , at.% (cr)
C 0 Cr C o M o
A C 33.6 (4.7) 41.0 (3.5) 14.3 (0 .4 ) 10 .2  (2 .0 ) 0.9 (0.5)
S A 34.3 (4.4) 4 0 .1  (5 .4 ) 11 .7  (1 .8 ) 13.3 (2.8) 0 .6  (0 .1 )
H IP S A 33.8 (2.6) 38.9 (3.8) 12.5  (1 .9 ) 14.2 (4.4) 0 .6  (0 .0 )
C, O, Cr, Co, and Mo. The changes in the background 
coming from the nonelastic scattered electrons provides a 
non destructive means of assessing the order of the near 
surface layers [20]. The near horizontal background of the 
C, O, and the negative slope of the Cr background indicate 
that these are enriched on the alloys surface. The Co peak 
on the other hand has a positive slope indicating increased 
scattering due to overlayers. This suggests that the Co 
signal originates from a lower layer than the other peaks.
Quantitative analysis has been carried out to determine 
the surface composition of the three samples, the results of 
which are presented in Table 2.
The surface composition of all three samples have been 
found to be similar, with the most abundant species 
observed on the sample surfaces being carbon and oxygen. 
The significant surface concentration of carbon is adven­
titious contamination which may have come from the 
cleaning process or adsorbed from the ambient. The shape 
of the high resolution spectra of the Cr2p3/2 (shown in 
Fig. 2) is composed of two components; the first at a 
binding energy of approximately 574 eV originates from 
the metallic chromium, the second at a binding energy of
577 eV originates from chromium oxide [21]. The alloys’ 
passive chromium oxide surface accounts for the high 
levels of oxygen detected.
As previously mentioned, the presence of nitrogen was 
assumed to be indicative of the presence of adsorbed pro­
teins. Nitrogen is absent in the spectra taken from all three 
polished and clean samples. However, as shown in Fig. 3, 
it is present in the XPS survey spectrum taken from an AC 
sample immersed in 100% v/v FBS for 30 min. Comparing 
this survey spectrum to the spectra of the clean surface 
(Fig. 1) it can be seen that the Co and Cr peaks are almost 
lost in the background signal. The increasing background 
signal of the two metal peaks is a result of signal attenu­
ation due to the proteinaceous overlayer. The horizontal 
background of the C, O, and N peaks shows that these 
signals are coming from the sample surface. Figure 4 
shows the superimposed high resolution spectra of the N 1 s 
peaks after immersion in various FBS concentrations 
plotted against relative intensity. This shows how the 
N ls peak increases in intensity with increasing FBS 
concentrations.
The concentrations of both nitrogen and chromium on 
the three Co-Cr-Mo ASTM-F75 sample surfaces 
immersed in increasing FBS strengths are shown in Figs. 5, 
6, and 7, respectively. The concentration of nitrogen is 
used to detect protein uptake on the sample surface, 
whereas the surface concentration of chromium is an 
attenuation plot used as a means to cross check the nitrogen 
isotherm.
The data shows that a plateau is reached for all three 
samples (for both nitrogen and chromium) and protein
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Fig. 3 XPS survey spectrum 
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uptake no longer increases as a function of FBS concen­
tration. At this point, monolayer coverage has been 
reached, indicating that chemisorption has occurred. The 
point at which a monolayer develops is known as the 
critical saturation of protein, and is approximately 10% v/v 
FBS for all three samples. The nitrogen isotherm and 
chromium attenuation isotherm pairs for each of the three 
samples are in good agreement with one another—this is 
verified by the fact that all three nitrogen and chromium 
isotherm pairs indicate monolayer coverage at the same 
concentration.
4 Discussion
Fractional coverage based on the averaged surface con­
centration of nitrogen at monolayer is shown for all three 
samples in Fig. 8. The data has been presented in Fig. 8 
using both a linear and logarithmic scale. Conventionally 
linear scales are used to present adsorption isotherms as the 
concentration ranges studied are relatively small. However, 
if a much larger concentration range is used (as it is in 
this investigation) important attributes of the isotherm at 
lower concentrations are lost. So therefore the use of a
^  Springer
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Fig. 5 Surface concentrations of nitrogen and chromium as a result 
of protein adsorption on the AC sample, plotted as a function of FBS 
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Fig. 7 Surface concentrations of nitrogen and chromium as a result 
of protein adsorption on the HIPSA sample, plotted as a function of 
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Fig. 6 Surface concentrations of nitrogen and chromium as a result 
of protein adsorption on the SA sample, plotted as a function of FBS 
concentration
logarithmic scale enables the data points at the low con­
centrations of the isotherm to be examined and compared. 
All three samples begin at a similar level of coverage and 
as the FBS concentration is increased develop higher levels 
of protein coverage. Pre monolayer coverage, the AC 
sample shows higher levels of protein uptake than either of 
the heat treated samples. The two heat treated samples both 
show remarkably similar levels of coverage over the con­
centration range used. As can be seen the AC sample 
reaches near monolayer coverage at much lower FBS 
concentrations (approx. 0.1% v/v).
The estimation of coverage based on the surface con­
centration of chromium is shown for all three samples in 
Fig. 9. The AC sample shows a higher level of coverage
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Fig. 8 Adsorption isotherms based on the surface concentration of 
nitrogen presented on a linear scale and b logarithmic scale
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Fig. 9 Adsorption isotherm based on the surface concentration of 
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Table 3 Comparison of the least square values (/?“) for isotherms 
fitted to the Langmuir, Temkin, and Freundlich model isotherms
R~ for Langmuir for Freundlich for Temkin
AC LOO 0.63 0.80
SA 1.00 0.86 0.98
HIPSA 1.00 0.84 0.84
than both the SA and HIPSA samples. As before, the SA 
and HIPSA samples are showing similar levels of coverage 
over the concentration range used.
From the lowest concentration used up to 10% v/v FBS 
(the concentration at which critical protein saturation 
occurs) the experimental data for all three samples have 
been tested for its conformity to the Langmuir, Temkin, 
and Freundlich isotherms. The isotherm plots were fitted 
with a linear line and the least square regression values (R~) 
were obtained. The least square values for the isotherms 
are compared in Table 3.
Table 4 Theoretically and experimentally derived values for h and
r„,
b r„„ formula 
value (at.%)
F„„ experimental 
value (at.%)
AC 480.7 9.8 10.2
SA 14.5 10.4 10.5
HIPSA 23.9 10.3 10.7
As indicated by the values, the experimental data 
give a better fit to the Langmuir model than the Temkin or 
the Freundlich models. As previously stated, the assump­
tions of the Langmuir model state that the proteins are 
adsorbed on the Co-Cr-Mo ASTM-F75 alloy as a mono­
layer, all adsorption sites are equal, and the enthalpy of 
adsorption is constant.
The Langmuir constants have been determined and are 
given in Table 4. The b (Eq. 4) constant is a dimensionless 
quantity which is indicative of the heat of adsorption and 
this can be taken as an indication of the strength of inter­
action between the FBS proteins and the Co-Cr-Mo 
ASTM-F75 substrates [14, 22]. The b value for the AC 
sample was found to be more than 30 times higher than that 
for the SA sample and 20 times higher than for the HIPSA 
sample. This suggests that the bonds formed by the proteins 
present in FBS are stronger on an AC substrate rather than 
on a heat treated one.
The knee of the isotherms, shown in Fig. 10, also gives 
a qualitative indication of the interaction energy Q between 
the protein and the substrate [23], related to the Langmuir 
constant b. The knee is much sharper in the isotherm 
representing protein uptake on the AC sample. This sug­
gests that the interaction between the proteins and 
adsorption sites on the AC sample are stronger than those 
present between the proteins and adsorption sites on heat
0 .8 -
.■= 0.4-
0 .2 -
0 .0 -
AC
HIPSA
SA
AC
HIPSA
SA
0.0 0.5
FBS concentration (% v/v)
1.0
Fig. 10 Magnified portion of adsorption isotherm showing differ­
ences in ‘knee’ shape between the three samples
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treated samples. The knees on the SA and HIPSA are both 
very similar. It is interesting to note that the effect of HIP 
does not seem to significantly alter the level of coverage 
seen, or the interaction energy between the proteins and the 
heat treated substrates.
The experimentally derived values of maximum cover­
age (r,„), Table 4, are in good agreement to those deter­
mined using the constants derived from the plots showing 
Langmuir conformity. This shows the applicability and 
accuracy of the Langmuir model to the experimental data.
The experimental data suggests that the application of 
post-manufacturing thermal treatments has an influence 
upon the adsorption of proteins on Co-Cr-Mo ASTM-F75 
alloys. It is therefore possible that the way in which the 
three samples integrate with tissue are different. It also 
suggests that a different tissue/implant interface can be 
achieved on samples which have an identical chemistry and 
surface finish. The question of which of these alloys would 
achieve a superior tissue/implant interface will require 
further investigation.
The adsorption of proteins has been shown to affect not 
only the corrosion rate of alloys [24-27], but also form a 
solid lubricating layer [28-30] which is beneficial to the 
wear of the components. Higher levels of coverage and 
stronger protein/substrate interactions as seen on the AC 
sample would suggest that the adsorbed proteinaceous 
layer could be a contributing factor in the lower levels of 
wear seen in AC Co-Cr-Mo ASTM-F75 alloys.
5 Conclusions
Adsorption of proteins from FBS onto Co-Cr-Mo ASTM- 
F75 has been studied using XPS. Adsorption occurs by way 
of chemisorption and has been shown to obey the Lang­
muir model. This indicates the adsorption of a protein 
monolayer with a constant heat of adsorption. The bonds 
formed by proteins on an AC Co-Cr-Mo ASTM-F75 
substrate are significantly stronger than those formed by 
proteins onto heat treated Co-Cr-Mo ASTM-F75 alloys.
Development of the protein conditioning layer has been 
shown to vary on three identical Co-Cr-Mo ASTM-F75 
alloys with different metallurgical histories. This suggests 
that the development of the implant/tissue interface may 
potentially be different for all three samples; the way in 
which the tissue integrates with the three alloys may 
therefore be different. The findings of this study also seems 
to suggest that the HIP does not significantly alter the 
adsorption of proteins whereas SA has a significant impact 
on protein adsorption. This work warrants further investi­
gation with other tissue constituents as the connotations 
could be subtle yet significant. When employing any post­
manufacturing thermal treatment to a biomaterial, equal
consideration should be given to the biological ramifica­
tions as that given to the material’s mechanical properties.
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